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The present work was undertaken with the idea of investigating the 
effect upon the composition of the blood of producing and then main- 
taining for some hours an expansion of the blood volume through the 
intravenous injection of a hypertonic crystalloid and colloid in com- 
bined solution, in the hope of throwing some light on the mechanism of 
the processes involved. The solution injected consisted of 18 per cent 
glucose and 25 per cent gum acacia and is the one that has been found 
useful in the treatment of traumatic shock (1). Studies of the blood 
changes produced were carried out under conditions which were varied 
in a way that might chajige tlie permeability of the vessel walls to the 
tissue Suids and their various constituents. 

The literature contains many references to studies, more or less com- 
plete, of the blood changes following the intravenous injection of crys- 
talloids, glucose, NaCl, NaiSOi and urea being the substances most 
commonly used. Brasol (2) found that following intravenous injection 
of a hypertonic glucose solution the blood was greatly diluted in 2 
minutes but that the blood volume had returned to normal within 2 
hours. He found that there was no relation between the amount of 
glucose injected and the per cent of glucose foimd in the blood 2 minutes 
later, that the blood sugar was normal 2 hours after the injection, that 
part of the sugar which leaves the blood can be found in the tissues, but 
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part cannot be found and is perhaps changed to glycogen, lactic acid or 
"undergoes some other chemical metamorphosis," and that the abso- 
lute quantity of protein in the serum remains unchanged. He con- 
cludes tliat the effects produced are purely the results of the increased 
intravascular osmotic tension due to the injected glucose. Klicko- 
wicz (3) obtained similar results as regards blood volume with strong 
solutions of NajSOi. Leathes (4) finds that the "increase in the volimie 
of the blood caused by the injection of 5 grams of dextrose per kilo is 
enormous and quite out of proportion to that caused by the volume of 
the injection. This increase takes place with remarkable rapidity; the 
volume of the blood is nearly doubled by the time the injection is fin- 
ished." Gasser and Erlanger (5) followed the blood volume after in- 
travenous injection of 5 cc. of 18 per cent glucose solution per kilo body 
weight, the injection being made as rapidly as possible. They found 
that the maximum dilution was attained within 0.5 to 2 minutes and 
that the blood then began to concentrate, rapidly at first, and then more 
slowly, and became normal within 5 to 45 minutes. Starling (6) finds 
hydremic plethora following glucose injection and that the distended 
vessels begin at once to unload the excess of water. Paton (7) finds 
that when 4 grams of carbohydrate in 10 cc. of water per kilo body weight 
are injected intravenously only a small per cent of the amount injected 
can be recovered immediately from the blood, the time from the be- 
ginnii^ of the injection to the end of collecting the sample being 90 to 
100 seconds. Hamburger (8) finds that in the horse an intravenous ip- 
jection of 7 liters of 5 per cent NaiS04 causes a marked dilution of blood 
serum in respect to its chloride and protein content, a return to normal 
being accomplished very quickly, within 2 hours. Practically the same 
effect on protein content of serum follows the injection of 6 liters of 
0,5 per cent NaaSO^ solution, while the chlorides are diluted as with a 
hypertonic solution but do not return to normal. The blood volume 
was not followed in these cases, so no conclusions can be drawn as to 
whether the return to normal was due to a passage of water out of the 
blood stream or an entrance of solids into the blood stream. Fisher and 
Wishart (9) found that blood dilutes as a result of alimentary hyper- 
glycemia. Magnus (10) obtains varying results in his studies of changes 
in blood composition following the intravenous injerrtion of NaCl solu- 
tions, the results depending upon the osmotic tension of the injected 
solution, although consistent rraults were not obtained with hypertonic 
solutions. 
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The common feature of the experiments discusBed above is that the 
substances injected were cryatalloida and, with the exception of those 
of Fisher and Wishart, the injection was rapid; and the increase in 
blood volume, with hypertonic solutions, always is very rapid in ap- 
pearance and of short duration. Woodyatt, Sansrnn and Wilder (11) 
injected ^ucoae intravenously over loi^ periods of time at a uniform 
rate and determined the tolerance rate as 0.8 to 0.9 gram per kilo per 
hour. Erlanger and Woodyatt (12) injected ^ucose intravenously at 
uniform rates varying between 0.57 and 4 grams per kilo per hour for 
from 20 to 60 minutes into anesthetized animals in shock. The pulse 
amplitude was uniformly markedly increased, indicating a condition of 
plethora. A subtoleraut dose was as effective as injections made at 
more rapid rates. In a normal animal an injection lasting 30 minutes 
at the rate of 1.78 gram per kilo per hour raised arterial pressure only 
about 5 mm. Hg. but the pulse amplitude increased quite appreciably. 
The fact that a considerable increase in blood volume is accompanied 
by only a slight rise in arterial pressure is presumably due to diminu- 
tion in viscosity of the blood and to vasomotor accommodation. While 
the blood volume was not followed in these cases it presumably soon 
fell after cessation of injection to its pre-injection state. 

With regard to the entrance of protein into the circulation, Morawitz 
(13) found restoration of proteins most active in the first few hours 
after severe hemorrhage. Whipple and co-workers (14) find that rfter 
severe hemorrhage the regeneration of plasma proteins is much more 
rapid on a liberal high protein diet than on a liberal bread and milk 
diet, and least rapid on fasting. They infer from this that there is an 
actual new formation of protein and make no mention of the possi- 
bility of some of the protein beii^ drawn in from the tissue fluids. 
They also find that "after the initial depletion of serum proteins the 
body can almost always regenerate 1 per cent of the total protein during 
the first 24 hours following the plasmapharesis. This figure is remark- 
ably constant and does not seem to be influenced by diet or fasting 
or the amount of shock. We may perhaps look upon 
this as the maximum effort of the body to replace these essential serum 
proteins, an effort which surely depends upon the body protein as it is 
present in fasting experiments. It will be the same whether there is a 
marked breakdown of host protein, as evidenced by great increase in 
urinary nitrc^en, or whether this tissue autolysis is minimal." That 
they do not regard this maximum effort as.accomphshed by the passage 
of protein directly into the blood from the tissues but rather as a true 
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rebuilding is shown by their further statement that it "probably repre- 
sents the absolute maximum production under the greatest stimulus." 
They present further evidence that the restoration of plasma proteins 
after hemorrhage is due to a new formation of proteins and that the 
liver is the chief seat of this process in that restoration is greatly hin- 
dered by phosphorus and chlorofonn poisonii^ and by an Eck fistula. 
A rather careful review of the literature has failed to disclose any 
references to studies of the body Buids made during a period of pro- 
longed increase of blood volume due to the injection of hypertonic 
solutions. It is evident that only two means are at our disposal for 
maintaining an increased blood volume for a comparatively long period, 
several hours for instance, with fluids other than blood or blood plasma. 
One is by a continuous injection of a hypertonic or isotonic solution of 
crystalloids at a rate more rapid than the rate of the blood's fluid loss. 
In this case the large amount of fluid injected would so dilute the blood 
that no conclusions could be drawn as to the interchange of water and 
solutes between tissue spaces and blood stream. The other method is to 
inject a small volume of a strongly hypertonic solution which will not 
only draw fluid into the blood stream but hold it there for some time. 
To accomphsh this result a solution containing both crystalled and col- 
loid is necessary (15). So far as we know the present work represents 
the first effort made to study changes in the composition of the blood 
induced in this way. 

PBOCEDURE 

Dogs were iised in all experiments. The animals were not prepared 
by controlling their intake of food or water previous to the experiment. 
Most of them were fed and watered on the morning of the experiment. 
In the first seven cases the animal was given 1 grain of morphine an 
hour before starting the operation; in the case of dog 8, 2 grains were 
given by mistake. In the remainder of the cases the morphine was 
omitted because of its disturbing effect on the blood and urinary sugar. 
In the first four cases strict surgical asepsis was observed throughout 
the experiment; in the remainder these precautions were relaxed, al- 
thou^ the fiuid injected and the injecting apparatus were sterile. No 
differences in results due to these technical differences were observed. 
Three sets of experiments were performed; the first, a series of nine 
experiments, on normal dogs; the second, a series of two, on asphyxiated 
dogs; the third, a series of three, on dogs in shock. The procedure and 
data of each series are presented separately. 
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The procedure in the first aeries was to anesthetize the dog with ether, 
immediately draw a "standard" sample of blood from the femoral ar- 
tery, then to start the injection into the femoral vein. The dose in all 
cases was 5 cc. per kilo per hour of an 18 per cent glucose and 25 per cent 
gum acacia solution, the injection lasting 1 hour and proceeding at a 
uniform rate. Immediately at the termination of the injection another 
sample of blood waa taken and the dog put back into its cage. Subse- 
quent samples were taken at approximately 2-hour intervals until five 
samples were obtained. Little or no anesthetic was required while 
drawing the last three sfunples. On each sample determinations were 
made of hemc^obin (16), plasma chlorides (17), plasma total nitrogen 
and plasma non-protein nitrogen (18), and plasma sugar (18). The 
nitrt^en and chloride determinations were made in duplicate. Direct 
Nesslerization was at first attempted for both the total and the non- 
protein nitrogen determinations, appropriate dilutions being made, but 
it was found that the presence of the large amount of carbohydrate in 
the samples rendered digestion with the prescribed digestion mixture 
so difficult that indirect Nesslerization had to be resorted to. In the 
latter cases of the series the total nitrc^en determinations were made by 
the macro-Kjeldahl method since it was felt that the micro-Kjeldahl 
with indirect Nesslerization was not sufficienty trustworthy. Figures 
given in the tables under the heading "total N" are protein nitrogeo 
figures and are obtained by subtracting the non-protein nitrogen figure 
from the total nitrogen figure as determined by the Kjeldahl. Several 
dilutions of the filtrate for plasma sugar detcnninations wera made, 
the d lution being accepted whose reading was closest to 20, the standard 
being set at 20 on the Duboeq or Bock-Benedict colorimeter. Freezing 
point determinations were attempted in the first experiment, working 
with 1.5 cc. of hirudinized plasma in a special tube in the Beckmann 
apparatus, but it was found that consistent results could not be obtained 
with this amotmt of plasma and these determinations were discontinued 
as it seemed inadvisable to take more blood. In lieu of direct determi- 
nations the crystalloid osmotic pressure of the plasma has been roughly 
estimated by adding the osmotic pressures exerted by the NaCl and 
^cose present. The calculations were made from pubhshed tables of 
direct osmotic pressure determinations and of freezing point determi- 
nations. By using various schemes for utilizing every available drop 
of plasma it was possible to make all determinations with 13 cc. of 
blood drawn at each sample. Allowance for blood drawn as samples 
has been made in the calculations. Dogs 8 and 9 were bled 15 per cent 
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of their blood volume at the time of taking the first sample. - In the 
last few cases the mine was also followed, the bladder being emptied as 
completely as possible with a small coud4 catheter at the time of draw- 
ing the blood samples. The results of the first series are given in table I . 

The procedure in the second series was to anesthetize the dc^ with 
ether (morphine being omitted in these and subsequent experiments), 
insert a tracheal cannula, draw a standard sample of blood from the 
femoral artery and empty the bladder. The animal was then made to 
rebreathe air in a lai^ spirometer until the COj tension of the air in it 
mounted to about 30 mm. Hg. as determined with Marriott's (19) tubes 
on samples drawn from the spirometer. The injection was then started, 
the COi tension being kept around 30 to 35 mm, Hg., fresh air being 
admitted at intervals when the d(^ became markedly dyspneic. Dys- 
pnea was moderate to marked throughout the injection. This procedure 
was introduced in an effort to discover whether asphyxia altered the per- 
meabihty of the vessel walls. At the conclusion of the injection the 
. second smnple of blood and urine was drawn, rebreathing discontinued, 
the animal put back into its cage and subsequent samples taken as in 
the first series. The results of the second series are given in table 2. 

In the case of d(^ 10 the injection rate was not accurately timed, at 
first. Twenty-^ve cubic centimeters were run in during the first 20 
minutes. The injection was then stopped for 10 minutes, the remainder 
of the injection then proceeding at the proper rate. When the last 
sample was drawn from dc^ 10 he stru^ed quite vigorously and it 
was necessary to anesthetize him deeply, which is not usually necessary 
for the last three samples. This anesthesia probably accounts for the 
high blood sugar value in the last sample of dog 10. 

The procedure in the third series was to anesthetize the animal, insert 
a tracheal cannula and connect a manometer with a femoral artery, 
draw a standard sample and then put the animal into a condition of 
shock. The condition induced was the so-called mechanical shock of 
Janeway and Jackson (20), which they produced by temporary partial 
occlusion of the vena cava regulated so as to keep the blood pressure at 
30 to 40 mm. Hg. for 2 hours. The method of obstructing the cava 
used in the present work was one described by Erianger and Gasser 
(21), a clamp being used by which graded compression can be exerted 
upon the cava between the hver and the diaphragm through a small 
abdominal incision. The mean arterial pressure was kept at about 40 
mm. Hg. for 120 to 135 minutes. At the end of this time the clamp was 
removed, the second sample drawn, the injection given, a third sample 
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then taken, and the dog kept as long as he would live, samples being 
drawn at about 2- or 2i-hour intervals. Very little anesthetic was 
required to keep the dog quiet after shock had been produced. This 
procedure was employed in an endeavor to ascertain whether the per- 
meability of the vessel walls is altered in shock. 

The results of the third series are given in table 3 and in the brief 
case histories. 

DISCUSSION OF RESULTS 

Series I. Normal Dogs 

1, Blood volume. It is evident that in all cases there is a marked 
immediate increase in blood volume, amounting to 11 to 16 percent, 
which usually slowly returns toward nortnal. Some slight increase in 
volume, about 2 per cent, usually persists even after 6 or 7 homra. The 
combined action of the glucose and acacia in effecting changes in blood 
volume is interesting. The early high intravascular osmotic tenmon 
which causes the rapid increase in volume is due principally to the glucose. 
The glucose, however, rapidly passes out into the tissue spaces (see. 
plasma sugar figures) but through the influence of the gum acacia the 
water very slowly leaves the vessels. The persistent increase of blood 
volume, 2 or more per cent, is less than the amount of water which must 
be added to the amount of acacia presumably remaining in the blood 
(22) in order to make it isosmotic to the plasma proteins. It will be 
noticed, however, that in every case but one, dog 3, where the figures 
are the same, the total amount of plasma proteins at the close of the 
experiment is less than that at the start. Part of the injected acacia, 
then, presumably is taking the place of the removed plasma protein 
in holding water, and only the reminder can be employed in hold- 
ing an excess of water above norma! blood volume. Quantitative 
determinations of acacia in the blood would be necessary in order to 
ascertain just how much acacia is available for maintaining an increased 
blood volume. Any fraction of the persisting increase in intravascular 
osmotic tension which might be due to the glucose could not play any 
part in maintaining the increase in blood volume, since glucose now 
exists in the tissue spaces in equal concentration, having passed out 
from the blood stream, and is exerting an equal attraction there. In 
fact, the blood sugar figures show that the excess of glucose has been 
entirely removed from the blood stream, and presumably from the 
tissue fluids, inside of 2 hours. The fate of the glucose will be discussed 
later. 
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The rather wide variations in the rate of the falling off from the initial 
increase in blood volume possibly are to be attributed to variations in 
vasomotor accommodation and in the preexisting water content of the . 
tissue spaces.' Scott (23) finds the hemoglobin content increased im- 
mediately by a rise in blood pressure produced by various procedures, 
and lowered by a fall in pressure. He cites evidence indicating that the 
hem(^obin method gives an accurate picture of relative blood volume ; 
and, as he says, "these results can only be explained by increased pres- 
sure forcing fluid out of the blood to the tissue spaces and the passage 
of fluid back from the tissue spaces to the blood when the pressure is 
lowered," He did not determine the nature of the interchanged fluid. 

At the time of taking the first sample dog 8 was bled approximately 
15 per cent of his calculated blood volume, 15 per cent having been about 
the avert^^ initial increase in blood volume following the injection. . 
This was done in order to ascertain- whether the interchange of liquids 
and solids between the blood and the tissues is modified when the pleth- 
ora that is induced by the injection of a hypertonic solution is prevented 
by previous hemorrhage. Blood volume figures indicate that the Uquid 
interchange is about as in unbled animals. The question of the depar- 
ture of the behavior of the solids in this animal from the behavior of the 
interchanges of solids in animals without previous hemorrhage will be 
considered below. In the case of dog 9 the 15 per cent depletion of the 
blood is more than made up by the time of the termination of the 
injection (blood volume raised to 106 per cent of normal) ; this volume 
falls in 2 hours to 97 per cent, then very slowly to reach 93 per cent at 
the end of 7 hours. The gum acacia is in all probability filling the place 
of the removed plasma proteins in holding water, 

2. Blood composition. The main point of interest is, What is the 
nature of the fluid drawn into the blood stream and how does its com- 
position change subsequently? A satisfactory answer to these questions 
should serve to elucidate the processes determining the interchanges. 

a. Protein. Any conclusion as to the passage of protein into or out 
of the blood stream must be based on calculations of the absolute amount 
of plasma protein in the entire blood stream. If, tor instance, it should 
be found that the curve representing the percentage of plasma protein 
nm parallel to the curve representing the reciprocal of blood volume, 
this would not mean that the absolute protein content of the plasma 
was unchanged, since practically all of the fluid drawn into the blood 
stream enters the plasma and an increase of 15 per cent in blood volume 
would mean an increase of over 23 per cent in plasma volume. The 
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method used here of calculating absolute atnounte of plasma protein iB 
essentially that used by Magnus (10), some changes in the method being 
introduced in order to allow for the hemoglobin withdrawn in the 
samples. It assumes that the blood is 9 per cent of the body weight (24), 
(25), (26), this figure being used instead of 7 per cent used by Magnus, 
that the blood is 64 per cent plasma by volume and that all the water 
drawn into the blood stream enters the plasma. While none of these 
three assumptions is strictly correct, the first and third are very nearly . 
so and variations in the second will not involve gross errors since the 
calculations for the additional samples of any one animal are based upon 
the plasma volume figure obtained in the calculation of the standard 
blood of that animal. A sample calculation may be given for purposes 
of illustration. 



Sample caleutalion. Dog 7. Body weight, 9.1 kilog 
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* The terms "N" or "Total N" refer to protein N, i.e., the non-protein N has 
been subtracted from the Kjeldahl figure. 

Method of correcting blood volume for hemoglobin xrithdraivn. For each Batnple 
13 cc. of blood are removed. This ia 1.6 per cent of the blood volume of thia 
animal, or 1 ,6 per cent of 819, which is 0.09 X 9100. Since, after the first sample, 
only '98,4 per cent of the original amount of hemoglobin remains in the blood 
stream the increase in volume of the blood is only 98.4 per cent of that indi- 
cated by the blood's dilution as shown by the hemoglobin readings in the 
colorimeter. To illustrate, asBume that 5 per cent of blood and therefore of 
hemoglobin is withdrawn from a normal dog, assume that the normal or standard 
sample reads 20 in the colorimeter, as in our case, and assume further that a 
second sample drawn subsequent to the withdrawal of 5 per cent blood volume 
reads 21 in the colorimeter. If we tailed to consider the previous loss of the 
5 per cent hemoglobin we would infer from this reading that the blood volume 
had inereased 5 per cent, was now 106 per cent of the normal. What has actu- 
ally happened, however, is that the blood volume has been replaced just to its 
original state, the diluent being of course hemoglobin-free, so that each unit 
volume of blood now contains only 95 per cent of its normal amount of hemoglobin. 
To find the true blood volume we should take 95 per cent of 105 or 100 per cent. 
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in round numbera. To find the true blood volume in &ny cue, therefore, we 
should multiply the apparent blood volume by the percentage figure of hemo- 
globin remaining in the blood etream at the time of drawing the sample. 

Upon the basis of this treatment of the data we find that in dog 7the 
blood volume at the time of drawing the last sample is actually slightly 
decreased rather than increased, as the hemoglobin readings would 
seem to indicate, i.e., the decrease in the percentage of hemoglobin in 
the last sample is not great enough to account for all the hemoglobin 
removed. We must assume, therefore, that the blood volume has 
fallen slightly. The decrease, however, is not as great as the volume 
lost by hemorrhage. This means that some of the fluid drawn in has 
stayed in but not quite enough to equal the amount lost by hemorrhage. 
In all the other normal animals the final blood volume even after cor- 
rection for the withdrawal T)f blood was slightly above the initial or 
normal volume. 

Using the corrected blood volume figures we may proceed with the methml of 
eakvlaling total plasma nitrogen. It may be noted here that the figurea for 
blood volume per cent given in all the tables have been corrected for the amount 
of blood lost according to the method outlined above. 

0.09 X 9100 - 819 CC., blood volume at beginning, blood 1. 

0.64 X 819 - S24 cc, plasma 1. 

0.83 X S.24 -• 4.35 grams N in plasma 1. 

Blood 2 is 111 per cent of blood 1, by volume. The 111 per cent increase has 
been in the plasma. 0.11 X 819 - 90 cc. increase. 

Plasma 1 - S24 cc. 524 + 90-614 cc, plasma 2. 

OM X 6.14 - 4.54 grams N in plasma 2. 

Blood 3 ia 107 per cent of blood 1. The 7 per cent increase has been in the 
plasma. 0.07 X 819 - 57 cc. 524 + 57-581 cc, plasma 3. 

0.76 X 5.81 = 4.42 grama N in plasma 3. 

By the same method we get 0.77 X 5.40 — 4.16 grams N in plasma 4. 

0.80 X 5.08 = 4.06 grams X in plasma 5. 

These figures indicate that by the time sample 6 was drawn protein had 
passed out of the blood stream, i.e., less protein is in the plasma than was there 
at the beginning. If, however, we add to each plasma N figure the amount of 
plasma N taken out in that sample and in preceding samples we get the following 
figuresiTheamountof Nwithdrawn with each sample isO.64 X 13 X 0.008 - 0.07 
gm. N, 0.008 being taken as the average amount of N per cc. plasma in this ani- 
mal. Variations in different samples are not significant in calculations on 13 co. 
The effect is of course cumulative; D.14 gm. will have been removed by the time 
the third sample ia drawn, 0.21 gm. by the time of the fourth, etc. 
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These figures show that there is at first a slight increase in the amotmt 
of plasma protein but that by the time of the fifth sample this has dis- 
appeared, and that the final total plasma protein N is the same as the 
original figure if the amount withdrawn is added. Different animals 
show stnne variations from this behavior. 

The figures obtained on the dogs without hemorrhage are not con- 
stant. All show that there is a marked decrease in the concentration 
of idasma protein accompanying the increased blood volume; but two 
cases, dogB 3 and 7, show that this decrease is not quite so great as the 
increase in plasma volume, i.e., a sUght amount of protein enters the 
blood stream; while two others, dogs 4 and 6, indicate that a slight 
amount of protein passes out of the blood. Of these cases, however, 
the figures for dog 7 are the most reliable, since they were obtwned by 
Kjeldabl determinations, using 2 cc. of plasma, while the others were 
obtained by indirect Nesslerization, working with 0.05 cc. of plasma. 
While the figures are not convincing, it appears that there is a sl^t in- 
crease in the absolute amount of plasma protein immediately after the 
injections. If the amounts of protein withdrawn in t^dng the samples 
are added to the amounts remaining we find a greater, though still quite 
slight, increase and that the amount of pla6ma protein tends to become 
constant in most cases at a level slightly above or about the same as 
the ori^al one. 

Scott (27) showed that dilution of the blood in vitro with isotonic 
Ringer's solution causes protein to pass from the blood cells into the 
plasma. He uses this observation to account for the increase in total 
plasma protein following hemorrhage or the injection of isotonic Ringer's 
solution (28), By inferring that sUght variations from the proper pro- 
portions of the salts in the fluid added to the blood greatly inhibit this 
transfer of protein, he accounts for the greater increase in plasma 
proton after hemorrhage. 
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Id order to detenmne whether or not the increase in total plasma pro- 
tein which we found could be due to a passage of protein from blood 
cells to plasma the following experiment waa performed. From an 8 
kilo d<^ 140 cc. of blood were drawn into a vessel containing the mini- 
mum amount, 0.12 gm. per 100 cc. blood, of potassium oxalate that 
would prevent clotting. This was stirred and 45 cc. samples immedi- 
ately put into each of three cylinders. All three were stirred continu- 
ously while to one was added 2.5 cc. of the gum-glucose solution at a 
constant rate over 40 minutes, to the second 2.5 cc. of gum^Iucoee solu- 
tion + 5 cc. Ringer's solution with the calcium omitted; the third was 
merely stirred and used as a control. The second of the above men- 
tioned procedures may be assumed to approximate the conditions ob- 
taining in the intravenous injection in vivo of 5 cc. of the gum-glucose 
solution per kilo body weight or per 90 cc. blood, the 5 cc. Ringer'sper 
45 cc. blood being the average increase in blood volimie over the amount 
of fluid injected. After the addition of the solutions was completed 
hematocrit determinations were made on each sample and Ejeldahl 
nitrogen determinations made on each plasma. 
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The results collected in the accompanying table show that there was 
no exchange of protein between cells and plasma. It seems fair, there- 
fore, to ehminate the blood cells as a source of the increased plasma 
protein in our in vivo experiments. 

Kjeldahl determinations were also made on the gum-glucose used in 
order to detenmne if it might be a source of N. It was found that 2 
cc. of the solution ia equivalent to 0.6 cc, tenth normal HCl. Expressed 
in percentage of N our determination shows 0.168 per cent N in the gum 
acacia or 0.042 per cent N in the solution injected. lUdeal (29) finds 
gum acacia to contain only 0.031 to 0.082 per cent N. Other observers 
have reported varying percentages of N, depending upon the source of 
the gum. The form in which the N exists has never been determined, 
so far as we have been able to learn. The amount of the solution used 
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for ft 10 kilo d(^, 50 cc, would contain only 0.021 gm. N, according to 
our determinations. Corpuscles and injected solution may therefore 
be disregarded as a source of the increase in plasma N. Our results 
lead us to the conclusion, therefore, that the injection of the acacia- 
glucose solution leads in acaae way to the entrance of protein into the 
circulation. 

The changes in the percentage concentration of plasma protein fol- 
lowing the injection are also of interest in that they indicate roughly the 
changes in the colloidal osmotic tension of the blood. It is seen that 
tbe concentration falls markedly immediately after the injection, consid- 
erably more than can be accounted for by the blood's dilution due to 
tbe injected fluid alone. Let us assume that each 5 cc. of the injected 
solution contains 4.5 cc. of water. Since 4.5 cc. of water are injected 
per kilo body weight or per 90 cc. of blood or per 58 cc. of plasma, the 
plasma is diluted 7.8 per cent by the water injected. The plasma, pro- 
tein percent!^, however, invariably falls more than this, averaging 
about 15 per cent, showing that not only the Buid injected but the fluid 
drawn is from the tissues dilutes the plasma in respect to its protein 
content. The plasma protein content in the subsequent boure rises 
toward normal but never reaches it, this state of affairs co-existiug with 
a slight persisting increase in blood volume. The assumption seems jus- 
tified that part of the colloidal osmotic tension of the plasma is being 
Bupphed by the injected gum acacia. 

Magnus reports two experiments with intravenous injection of con- 
centrated (35 per cent) NaCl solution. In one case he finds the total 
plasma proteins diminished by 7 per cent by this procedure, in the 
other case increased by 5 per cent. These were on previously unbled 
dogs and the results are comparable to our results on previously unbled 
dogs. 

Dog 8, which was bled IS per cent of his blood volume before the injec- 
tion, shows a decrease in total plasma protein at the second sample. 
When, however, the amount of plasma protein withdrawn by hemor- 
rhage is added to the total amount in the blood at the time the second 
sample was drawn we find a slight increase in the plasma protein — some 
protein has passed in. 

b. Sugar. It is seen that the initial blood sugar values in the firat 
8 cases are very high, 0.192 to 0.308 gm. per 100 cc. This is due to the 
well known action of morphine as a respiratory depressant, the imper- 
fect respiration causing a hyperglycemia. At the close of the injection 
the figure is still higher, 0.247 to 0.564 gm. per 100 cc, due to the in- 
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jected glucose. Within 2 hours the figure has usualfy fidlen to or below 
the initial value. The si^ar figures on d<^ 9 are much the most valu- 
able since here the distiirbii^ effect of the morphine is not present. 
The initial figure is 0.133, the slight increase above normal probably 
being due to the ether; the figure immediately at the termination of the 
injection is 0.292; 2 hours later, 0.163; 2 hours later, 0.133; and the 
last sample, 2 hours i^ter this, contains 0.135 gm. These figures show 
that the sugar rapidly passes out of the blood, and is almost back to 
noim&l in 2 hours. The fate of the sugar will be considered later. 

Since the increased blood volmne persists for several houis after the 
blood si^ar has returned to normal it must be concluded that gum 
acacia remains in the circulation and holds water there. The great 
difficulty of digestion for nitrogen determinations of all the samples 
taken subsequent to the injection, even those which bad r^^ained a noi^ 
mal blood sugar value, indicates that there was an abnormally la^fe 
amount of carbonaceous material in the blood and confirms the view 
that gum acacia remains in the blood for some time. 

c. Plasma chlorides. The plasma chlorides were followed because it 
was felt that their behavior under the conditions of the experiment 
would be typical of that of the inorganic crystalloids in general. The 
percentage concentration of plasma chlorides always falls in the second 
sample, but not in any way to the same extent that the blood is diluted; 
in fact, the percentage fall in concentration is not even as great as the 
percentage of dilution of plasma accomplished by the injected fluid. It 
has been seen above that the plasma is diluted about 7.8 per cent by 
the injected fluid. The percentage fall of plasma chloride concentration 
is less than this, averaging about 6 per cent. In other words, the fluid 
drawn into the blood stream carries with it chlorides in concentration 
equal to that of plasma and in addition to this inward filtration of chlor- 
ides an inward diffusion has started to supply chlorides for the injected 
fluid. This diffusion continues for several hoiu^, the percentage of 
plasma chlorides steadily rising and becoming normal in 6 to 8 hours. 

d. Non-'protein nitrogen. It will be noted that the plasma N.P.N. 
concentration remains constant with variations in plasma volume, in- 
dicating that the vessel walls are more permeable to urea than to NaCl. 
The constant concentration of N.P.N, means that not only does the 
fluid drawn in have a N.P.N. concentration equal to that of plasma but 
also that the diffusion into the blood stream of the N.P.N, necessary to 
make up the injected fluid to the concentration of N.P.N, existing in 
plasma is very rapid, being completed by the time of completion of the 
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injection. Urea's greater solubility in lipoids, which are assumed to be 
present in cell walle, may accoimt for this. An alternative view is that 
the urea does not diifuae into the blood stream but is secreted into the 
blood stream at the proper rate to maintain a constant concentration. 
Our methods and data do not afford us any means of deciding which of 
these processes actually occurs but the former seems the more probable. 

e. Rather rough estimations of the crystallmd osmotic tension of the 
plasma samples, using the method of calculation mentioned above, show 
that while there may be some attempt on the part of the organism to 
keep this tension constant, the compensatory mechanism, if such exists, 
is not adequate to keep pace with the factors tending to vary the osmotic 
tension. 

S. Urine. When morphine had been given sugar always appeared in 
the urine in rather high percentage, 5 to 6 per cent. In two cases, dogs 
6 and 8, a marked diuresis resulted; in two others, dogs 6 and 7, urinary 
secretion was practically normal in volume. Dog 9, which had no moi^ 
phine, showed only a trace of sugar and his volume excretion was noi^ 
mal or slightly increased. As to the fate of the injected glucose, it is 
evident that it does not stay in the blood and that only a small fraction 
is excreted in the urine, in fact only a trace when morphine is omitted. 
It will be noted that the injection is so timed that the anesthetized ani- 
mals receive glucose at the rate of 0.9 gm. per kilo per hour, the un- 
anesthetized dog's tolerance rate (U). No study of the tissue fluids or 
glycogen depots was made but we may conclude with Brasol that the 
remainder is "perhaps changed to glycogen, lactic acid or undei^oes 
some other chemical metamorphosis." The observation of Fisher and 
Wishart (9) that the metabolism is increased 20 per cent accounts for 
a part of it. 

It is evident, confirming the finding of Meek and Gasser (22), that 
the gum acacia injected with the glucose does not diminish urinary 
secretion, as is maintained by Kruse (30) ; in fact in the cases where 
hyperglycemia was extreine, with blood sugar values around 0.500 gm. 
per 100 cc, glycosuria occurred with an accompanying diuresis. Two 
cases with hyperglycemia and glycosuria, dogs 5 and 7, while not ex- 
hibiting a diuresis, certainly did not show a suppression of urine. The 
urine was not followed in the first four cases. In the case of dog 9, 
where morphine was omitted with the result that hyperglycemia was 
not BO maj-ked and no significant glycosuria occurred, excretion rate 
of water was normal or slightly increased. Knowlton (31) finds that 
colloids exerting osmotic pressure, such as gum acacia, inhibit NaCl 
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diuresifl but have but little effect on NaiS04 diuresiB. Glucose diuresis 
belongs to the same class as that of NaCl, i.e., it is presumably due to 
purely mechanical factors, such as hydremic plethora, rather than to a 
direct action on the kidney cells. We might explain, then, the normal 
excretion of urine following the injection of the gum^lucose solution, 
in the absence of morphine, as due to a balance arrived at between the 
inhibitory action of the acacia and the diuretic action of the glucose, 
the later gaining the upper hand when, due to morphine, a marked 
hyperglycemia is produced with a resultant glycosuria. 

SERIES II. ASPHYXIATED DOSS 

There is evidence that asphyxia increases the permeability of the 
vessel walls. Bolton (32) holds that permeability is increased by stag- 
nation of blood with decreased Oj supply, since edema of the neck is 
produced by ligature of the superior vena cava, despite the absence of 
any rise in pressiu^ in the jugulars and presumably in the capillaries. 
Starling (33) also draws the conclusion that the edema under these con- 
ditions must be due to increased permeability of walte which allows 
protein to pass out into the tissues and hold water there. 

The present experiments on asphyxiated animals were carried out 
with these statements in mind. Study of the data (table 2) shows that, 
owing probably to the asphyxia, the blood sugar figures are very high, 
0.133 and 0.244 before sJid 0.800 and 0.770 immediately after the injec- 
■ tion. In both cases the value 2 hours after the injection was below the 
initial value, the asphyxia having long since worn off. Except for this 
no significant departure from the behavior in normal animals occurs. 
The asphyxia introduces so many complicating circulatory factors, 
however, that we are not justified in concludii^ that the permeability 
of the vessel walls is unchanged, although we have no proof that it is. 
For example, protein might have been drawn in but promptly squeezed 
out again due to the asphyxial rise in blood pressure. It will be noted 
that even without morphine here the hyperglycemia is extreme and the 
glycosuria marked but that the blood sugar rapidly falls to or below the 
normal. The appar^it continuance of the glycosuria after the blood 
sugar has fallen to normal is probably due to the fact that the bladder 
was not completely emptied at each catheterization, urine containii^ 
si^ar which had really been excreted during the period of hyperglycemia 
bciuft obtained at each sample. 
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SERIES III. SHOCKED DOQB 

Dog It. Body weight, 14.36 kgm. No morphine. SpecuneoB from pancreas, 
liver, spleen, large and small intestine ftnd kidney for histological study. B. P. 
at 9:55 is 160 mm. First sample at 10:10, B. P. then 150. Cava clamped at 
10:26, B. P. immediately fell to40 mm. 11 :30, B. P. 40, pulse 120, very little ether 
required. 12:40, B. P. 40, clamp removed, B. P. rose slowly, reached SO in 3 min- 
utes, 55 in 6 minutes. Second sample, at 12:52, B. P. fell sharply to 38; injec- 
tion started at 12:67. B. P. soon fell to 34, respirations of expiratory type, heart 
very irregular. As injection proceeded respiration and heart action improved, 
B. P. climbed to 40 in 15 minutes. 1 :26, B. P. 60. 1 :30, animal tried to vomit, 
intestines extruded from wound, B. P. fell to 40, rose again to 54 in 5 minutes. 
1:60,B.P.60. 1:55,B.P.65. 1:57, injection ended. 2:03, 3rd sample. Ani- 
mal tried to vomit during taking of sample 3, B. P. fell to 42. 2:10, B. P. 34. 
2:13, animal died. It wiU be noted that in this severe grade of shock the loss of 
13 cc. of blood almost killed the dog (sample 2) and an additional loss of 13 cc. 
did produce death (sample 3). 

Dog IS. Body weight, 18.05 kgm. 1:00 p.m., B. P. 125. 1:20, B. P. 128, 1st 
sample drawn. 1:25, cava clamped, B. P. fell to 40 and was maintained there. 
1:30, ether discontinued. 3:30, clamp removed, B. P. rose to 60 in 2 minutes, 
amplitude of fluctuations very great. In 4 minutes B. P. averaged 80, 4:00, 
2Dd sample, 6. P. 100, not affected by drawing 13 cc. blood. Injection started 
at 4:08, 4:20, B. P. 110. 4:30, B. P. 115, ether required. 4:40, B. P. 120. 4:48, 
B. P. 126. b-.m, 130. 5:08, injection ended. 5:12, 3rd sample, 5:16, B. P. 
110,etherahnostcontinuouBlysince4:30. fi:50,B.P.90. e:0O,B.P.8O. 6:10, 
B. P. 64, pulse regular, ether discontinued. 6:25, B. P. 58. 6:40, B. P. 60. 
6:56, B. P. 40. 6:57, B. P. 30. 6:5g, 4th sample, animal died immediately. 
This case illustrates well the type of shock in which the blood pressure is well 
maintained for some time, masking the true severity of the shock; eventually 
comes the rather sudden terminal circulatory and respiratory collapse. 

DogtS. Bodyweight, 12.2 kgm. 10:10, 1st sample. 10:20, B. P. 140. 10:25, 
oava olamped, B. P. fell to 40 and was maintained there. 12:25, clamp removed. 
B. P. rose to 100 on removing clamp. 12:30, 2nd sample, B. P. 110. 12:36, 
injection started, B. P. 110. 12:50, B. P. 130. 1:25, B. P. 125. 1:35, injection 
ended. 1:37, 3rd sample, B. P. not aSected by drawing sample. 2:30, B. P. 
no. 3:36, B. P. 100. 3:46, 4th sample, B. P. 00. 6:10, 5th sample, B. P. imme- 
diately before sample - 80, immediately after - 65. 6:25, B. P. 60. 6:40, 
B.P.55. 7:15,B.P.45. 8:20, Othsample, B.P.36immediately before, dropped 
to 30 immediately after, death in few minutes. 

It is now believed practically universally that in traumatic shock 
blood plasma leaves the circulation. Inaamuch as the concentration 
of the proteins of the plasma remaining in the vessels is not appreciably 
changed it must be assumed that in shock the penneabiUty of the vessel 
walls is increased. The present series of experiments was planned in 
order to ascertain whether the fluids drawn into the blood stream by 
the hypertonic solution in fatally shocked animals would carry along 
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with them more protein than this procedure brings in when applied to 
normal animals. Four animals were used, but one died in shock before 
the injectioa was completed. The results from the other three are 
given (table 3). Non-protein nitn^en was not followed in these cases 
as blood was so valuable and it was felt that this detenoination could 
best be omitted. The only respects in which the results of this series 
differ from those of the normal series are in blood volume and protein 
content. 

/. Blood volume. In accordance with the results of numerous previ- 
ous observers we find the blood volume greatly diminished in shock. 
In this series the second or "shocked" sample was taken as the sLandard 
for subsequent determinations of hemoglobin and blood volume. As a 
result of the injection of the gum-glucose solution the blood volume is 
markedly increased above its shock level, the increase even bringing the 
blood volume above its initial normal level in all three cases. The 
volume then gradually falls off until (in the one case which could be 
followed for several hours, dog 15) at the end of 7 hours after the injec- 
tion it reaches approximately its initial normal level. This was shortly 
before the animal died. 

£. Plasma protein. The method of calculating the absolute amounts 
of plasma protein may be illustrated here. The case of dc^ 12 may be 
taken. 

Body weight 14,SdO gramt 
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0-993 
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* Sample 1 is taken as the standard for reading sample 2, sample 2 as the 
standard for reading sample 3 and any subsequent samples that may be obtained. 

t Since N.P.N, was not followed in shocked animals the figures given here as 
"total N" are the actual Kjeldahl figures. Practically no change in the rela- 
tions of the figures is produced by the subtraction of the small constant N.P.N, 
figure from each total N figure, as was done in the first two series. 

Calculalion. 0.09 X 14,360 = 1292 cc, blood 1. 

OM X 1292 -^ 827 cc, plasma 1. 

1.004 X 8.27 = 8.30 gm. N. in plasma 1. 

Blood 2 has 88 per cent volume of blood 1, i.e. 12 per cent lens. 
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Aasume this htis all been taken from the plasma. Thia probably is not cor- 
rect because of accumulation of corpUHcIea in the periphery. This peripheral 
aggregation of corpuBcleB, however, would, aa ia mentioned below, make the 
calculated exchange of protein even greater if it could be quantitatively 
considered. 

12 per cent of 12D2 = 155. 827 - 156 = 672 cc, plasma 2. 

6.72 X 0.9A3 = 6.67 gm. N in plasma 2. 

Volume of blood 2 is 88 per cent of blood 1, i.e., 1137 oc. 

Volume of blood 3 is 127 per cent that of blood 2. 

The extra 27 per cent of 1137 or 307 cc. has entered the plasma. 

Plaama 2 = 672 cc. 672 + 307 = 979 cc, plasma 3. 

9.79 X 0.77 — 7.61 gm. N in plasma 3, Summaricing in the form of a table 
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We find that the absolute amount of plasma protein is greatly dimiA- 
isbed in shock, its concentration remaining practically constant or being 
very slightly diminished. Thia is in agreement with the refractometric 
findings of Gasser, Erlanger and'Meek (34). With the incretee in 
blood volmne determined by the injection the absolute amount of pro- 
tein rises markedly above its shock level but does not reach the nor- 
mal level. The concentration falls considerably but not to the same 
degree as plasma volume is increased. In other words, the fluid dmwB 
in is not so rich in protein as is plasma but neither is it protein-fcee. 
Di^e to the method of following the blood volume these figures probably 
do not indicate the real magnitude of the changes in total protein. Ab 
is well known, the slowed circulation of shock causes red blood Odls 
to accumulate in the capillary area so that the nimiber in the arC^ 
rial blood, in which the hemoglobin was followed, is relatively smaljl 
and the estimated blood volume therefore high. And it is to be pre- 
sumed that the improved circulation following the injection of the gum- 
glucose solution will return some of the jammed corpuscles to the cir- 
culation, causing the blood volume estimation to be too low. 

Following the blood changes after the injection, it is found that pro- 
tein continues to increase even while wat«r is passing back out, the {pro- 
tein concentration rising faster than the plasma volume falls. What 
may happen is that when the injection is given the fluid drawn in brings 
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with it protein through the abaormally permeable walls, but in lower 
concentration than it occurs in plasma. Then, as the blood pressure 
rises, the circulation improves and lymph flow is reestabUshed. The 
lymph flow from the hver and intestines is probably accelerated to a 
far greater degree than that from the extremities, for two reasons: a, 
In these animals the circulation of both posterior extremities was prac- 
tically done away with since both femoral arteries and veins were Ugated. 
b, Since the capillaries of the liver and intestines are the most permeable' 
.it is probable that most of the protein that disappeared from the plasma 
in the process of the development of shock passed out into the tissue 
fluids of the hver and intestines. As the circulation to these organs is 
now improved the normal lymph flow is reestablished and this lymph 
flow sweeps along with it back into the blood stream through the 
thoracic duct the plasma protein which had accumulated in the tissue 
spaces of the hver aud intestines durii^ the induction of shock. Thus 
protein is entering the blood stream even while blood volume is falling. 
- Such an interpretation of the results accounts for the rapid initial in- 
crease in blood voliune with an increase in absolute amount, although a 
decreased percentage, of plasma protein, for the subsequent falling oGf 
in volume and for the concomitant continued increase in the absolute 
amount of protein. The prospect of technical difliculties in collecting 
lymph over a long period of time has kept us from making direct 
observations on this latter pmnt. 

In the shocked animals, as in the normal and asphyxiated, the final 
sample shows a percentage concentration of plasma protein lower thaa 
that of the initial sample and at the same time the blood volume at the 
tjme of the final sample is greater than initially; or, as in the case oi 
dog 15, who waa followed for 8 hours, when the blood volume has in 
lame fallen to shghtly below its initial normal level, the percentage con- 
centration of plasma protein has fallen to a considerably greater extent. 
This must mean that here too gum acacia is taking the place of plasma 
protein in holding water in the circulation. 

Staiiing (35) says "Absorption by the blood vessels as a result, say 
of artificial hemorrhage, if determined entirely by the osmotic attrac- 
tion of the plasma colloids for the extravascular fluids, can only bring 
about a passage of water and salts into the blood vessels. . 
According to my explanation this (absorbed) fluid should be pure salt 
solution. That it is more dilute than plasma is clearly shown by experi- 
ments but our data do not yet suffice to determine whether the incoming 
fluid is a weak solution of protein, such as that contained in the tissue 
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Spaces, or is a pure salt solution. If it is proved by quaDtitativo results 
to contain protein, then some other factor, such as back filtration or 
active absorption by the endothelial cells of the blood vessels, must be 
involved in addition to the colloid constituents of the circulating blood." 
The present data pouit strongly to the conclusion that some protein 
does pass in directly in the case of shock although it might not be im- 
possible to explain all of our data on the assumption that the protein 
is carried back into the blood stream by the lymph. The rapidity 
nith which it occurs, however, speaks against this. 




Fig. 1. Changes id total amoimt (aolid line) and per cent (broken line) of 
plasma protein N in a normal animal, dog 7, and in an asphyxiated animal, dog 
10. Time of taking 1st sample is indicated by 0, the end of the injection by 0', 

S. Urine. The urine in the case of dog 13, a shocked animal, con- 
tains no sugar in spite of the hypei^ycemta which far exceeds the nor- 
mal overflow threshold. This dog was in rather severe shock and the 
absence of glycosuria is probably due to the fact that no urine was se- 
creted after shock developed. The fact that additional sunples of 
urine could be drawn probably means that the bladder had not been 
completely emptied of its pre-shock urine. Dog 15 was in better con- 
dition and excreted urine contuning sagAT. 
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4. Non-toxiaty of the acacia-glucose solution. It was our intention in 
these experimenta to produce a grade of shock that would prove fatal 
in a few hours and in this wg succeeded. Some of the animals were 
almost moribund when the solution was administered. In no case 




Pig. 2. ChangeB in total amount (solid line) and percent (broken line) of 
plasma total N in a shocked animal, dog 13. Letters designate times of pro- 
cedures, as follows: a— cava clamped; b — clamp removed; c — injection started; 
d — injection ended. Time of taking 1st sample is designated by 0, while 1, t, 
etc., deBignat« hours after taking 1st sample up until end of injection. The end 
of the injection, when the 3rd sample is taken, is designated by 0', while 1', t', 
etc., designate hours after end of injection. 

were any untoward effects observed'as a result of the injection; the 
blood pressure, heart action and respiration always were benefited. 
The rectal temperature was practically unchanged. In one case a 
slight albmninuria was observed in one sample, but microscopic exami- 
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nation revealed lai^e numbers of spermatozoa. The albuminuria bad 
disappeared in the next sample. CastB, hematuria or hemaglobinuria 
were never observed. No hemolysis occurred as a result of the injec- 
tions, some slight laking being present in several plasma samples but 
it was no more evident in samples taken after the injection than in 
those taken before. This laking is attributed to the ether. These 
findings in regard to the non-toxicity of gum acacia are in accord with 
those of Bayliss (36), who discusses the rather misleading statements of 
Kruse (30) as to the toxic effects observed after the injection of aeacia. 

SUHMABT AND CONCLUSIONS 

A strongly hypertonic glucose and gum acacia solution was injected 
intravenously into normal, asphyxiated and shocked dogs, and the 
resultant changes in blood volume and composition were studied. 

The immediate effect was a marked increase in blood volume; in 
normal and asphyxiated fttiimala the blood volume then gradually fell 
toward but did not completely return to normal in several hours. 

The blood volume, markedly diminished in shock, is increased to 
above its normal level by the injection and then gradually falls to or 
below its normal level. 

The absolute plasma protein is mcreased slightly or not at all in normal 
animals and in asphyxiated animals; in an animal which had been bled 
there was a slight increase when the amount withdrawn was allowed 
for. The absolute amount of plasma protein is markedly diminished 
in shock, is increased by the injection and the increase continues for 
some time after the injection. It is believed that at least a part of the 
increase in plasma protein following the injection in shock is due to a 
passi^ of proteiuin through the vessel walls. 

Gxan acacia seems to take the place of plaama protein in holding 
water in the circulation. 

There is a marked hypei^lycemia immediately after the injection in 
normal animals; this is accentuated by morphine and asphyxia. The 
blood sugar value falls to or nearly to normal within 2 hours. In 
shocked animals the blood sugar behaves much as in normal animals. 
There is only a trace of sugar excreted by normal animals excepting 
when morphine or asphyxia cause marked glycosuria. Shocked animals 
without morphine excrete some sugar unless, as a result of the shock, 
there is a suppression of urine. 
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The fluid drawn into the blood stream brings with it chlorides in con- 
centration equal to the chloride concentration of plasma but the dif- 
ftision into the blood stream of sufficient additional chlorides to bring 
the chloride concentration of injected fluid up to that of plasma is not 
complete for several hours. 

The entrance of urea into the plasma takes place with such facility 
that the non-protein nitrogen concentration of the plasma remains 
constant. 

There is no suppression of urine in normal animals as a result of the 
injection, if anything the rate of secretion is slightly increased. 

The crystalloid osmotic tension of the plasma does not remain con- 
stant. 

No hemolysis, hematuria, hemoglobinuria, albtuninuria, cylindruria, 
fluctuations in body temperature or (my other imtoward effects were 
observed as a result of the injections. 

The authors wish to thank Dr. W. H. Olmsted, of the Department of 
Internal Medicine, for his kindness in extending the facilities of his 
laboratory for carrying out many of the determinations and for several 
valuable su^estions on points of analytical technique. 
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INTRODUCTION 

The significance of the blood stream in the capillary bed for the nutri- 
tive processes of the body is well recognized. But it is only in recent 
times that emphasis has been laid on the capillaries as a factor in the 
dynamics of the circulation. It is the purpose of this paper to present 
evidence in support of the belief that the capillaries and venules, as well 
as the arterioles, respond to direct chemical stimulation and also to in- 
direct stimulation tbrouRh the intervention of nerve fibers. If this 
proof is eatabliehed, the functional activity of the capillary and venous 
beds must henceforth increase in both theoretical and practical impor- 
tance. In the first place local tissue needs may by direct chemical 
action control the capillary blood streaming through the part as shown 
so clearly by Krogh (1) for muscle. In the second place, the capillaries 
and venous fields being under the infiuence of the central nervous sys- 
tem, it follows that local vascular j^flexes (2) and systemic vascular 
reflexes undoubtedly depend upon the cooperation of the capillary, 
and venule with the arteriole; that, in other words, the peripheral 
resistance, both fimctional and static, includes arteriole, capillary and 
venule. And in the third place the effective blood volume, both fluid 
and corpuscular, must be subject to alteration and regulation to a 
very significant degree. 

Most of the work on the function of the capillaries hitherto reported, 
except the recent paper by Krogh just mentioned, has been done on the 
frog in which the transparency of the tissues permits microscopic 
visualization of these vessels. It is possible, however, using Lom- 
bahl's method of a drop of oil on the skin (3) to extend such studies to 
the mammal. Furthermore, most of the recent evidence in the mammal 
bears upon dDatation of capillaries. It may be assumed that a vessel 
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which is showu to dilate must also contract, but the direct evidence has 
hitherto been lacking. Nor is there much evidence that the blood 
capillary and the venule are under nervous control. 

HISTORICAL 

The first evidence that capillaries have the power indepeodently to 
change their caliber was published in 1858. In that year Lister (4), de- 
scribing the early stages of inflammation, pictured with camera lucida 
drawing a very great increase in the caliber of the capillaries in in- 
Samed tissue. This observation was followed by the studies of Strieker 
published some seven years later (5). Strieker observed the capil- 
laries in the nictitating membrane of the frog to dilate and to constrict. 
The constriction was less evident than the dilatation and appeared to 
be due to two processes, one a nuclear swelling and the other an actual 
contraction of the endothehal protoplasm. These results were ob- 
tained in tissue removed from the body and therefore deprived of its 
blood supply, and Strieker himself is not convinced that they are not 
due to lethal changes in the tissue. This possibihty is supported by 
figure 4 in his paper, which pictures a change in shape of a capillary 
vessel which must be extremely unusual if compatible with functional 
activity. In a second paper published the following year Strieker (6) 
describes further experiments with the nictitating membrane of the 
frog removed from the body and examined in the aqueous humor 
under the microscope. Many of these preparations were entirely 
unsatisfactory but a few of them gave beautiful responses to stimula- 
tion by ammonia vapor. When the tissue was exposed to ammonia 
vapor for three or four seconds and then examined under the micro- 
scope, Strieker saw the capillary tumina almost disappear and then 
dilate wide enough for a corpuscle to pass. This phenomenon occurred 
about twice in fifteen minutes. Further, Strieker observed a varicosity 
CD a capillary which moved forward, suggesting peristaltic activity 
on the part of the endothehal tube. When the capillaries thus under 
observation contracted they became practically invisible but could be 
readily seen again after the contraction had passed off. Strieker 
likewise employed electrical stimulation. The procedure which he 
used is not clear but with it he obtained repeatedly good results on 
various specimens. When stimulated, the capillaries would contract 
almost instantaneously and dilatation would follow a moment or more 
after the cessation of the stimulus. After a few apphcatious of the stim- 
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ulus DO furtber response could be obtained. Even better results, were 
had in the case of the capillaries of the tail of the living tadpole. These 
vessels were found to respond to mechanical, chemical and electrical 
stimulation. Of these, chemical stimulation was apparently by far the 
most effective. Strieker regarded these changes as due to a turges- 
cence of the capillary endothelium such that, without change of the 
outside diameter of the vessel, the lumen was altered in size due to a 
thickening of the wall (7). 

Although Cohnheim (8), among others, contested Strieker's view 
that the capillaries possess inherent contractility in the sense just 
defined, confirmatory evidence was quickly forthcoming. Strieker's 
work was followed by that of Golubew (9), who confirmed the obser- 
vation that capillaries change their size under varying conditions, and 
advanced the observation that certain spindle elements on the capillary 
walls contract into spheres, thus occluding the lumina of the vessels 
and so functioning as a constriction. This notion of the mechanism 
of capillary function was supported a few yeara later by Tarchanoff (10). 
This author used' alcohol, ether, ammonia, ferric chloride and acetic 
acid as well as heat. These procedures caused the so-called spindle 
elements to swell and bo to occlude the lumina, but it was not un- 
common to find that the vessels failed to dilate after the stimulus was' 
removed. 

In 1878 Severini (11) pubUshed a mont^raphic study of the capD- 
laries in which he states, among other things, that the application of 
oxygen causes the capillaries to contract, while the apphcation of C0| 
causes them to dilate. Severini appears to be of the opinion that these 
gases act chiefly on the spindle elements described by Golubew. The 
observations were made upon the frog but also upon the capillaries in 
the mesentery of the guinea pig. Tarchanoff was unable to confirm 
these observations of Severini's, nor was Roy, working with von 
Mehring in 1876, able to confirm them. In 1879 Roy and Brown (12) 
published their very important paper describing observations on the 
capillary blood pressure in the frog. These authors were convinced 
that the capillaries have the power of independent contractility and 
that their caliber is not, as was believed by many, due to passive 
changes. They found that there was little difference in the size of the 
capillaries of the frog's web before and after the leg was amputated. 
Dilatation of the capillaries was also observed on the application of 
chloroform, and it was also noted that the capillaries dilated as the 
result of Goltz's "klopfversuch." These authors were of the opinion 
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that rt IB the whole capillary and not the spindle elements of Golubew 
which contract. They observed that local anemia produced by com- 
pression of the area under observation results in a subsequent hjT>er- 
emia which is accompanied by .a dilatation of arterioles, capillaries and 
venules. This latter phenomenon occurred after section of the sciatic 
nerve when stimulation of the nerve caused a strong contraction of the 
arterioles. It is interesting that they observed only a contraction of 
arterioles on nerve stimulation. Since this procedure failed to ehcit 
changes in the capillaries, they conclude that the functional activity 
noted in the latter vessels must be due to some local mechanism and 
they favor the conception that it is due to a direct chemical action upon 
the endothelium rather than upon the functional existence of what 
they refer to as peripheral vasomotor ganglia. The latter conception 
accords with what we now speak of as axon refiexes, which Krogh has 
recently invoked to explain locahzed dilatation of capillaries following 
punctate stimulation (13). More recently Biedl (1894) saw the periph- 
eral vessels (arterioles, capillaries and venules) all contract in the 
frog's mesentery on the application of salt solution at 45°C., and dilate 
again when the heat was removed (l-l). 

Mayer in 1885 (15) again observed the endothelium of the capil- 
laries to contract under electrical stimulation. The evidence that the 
lymphatic vessels throughout the body are contractile is very strong. 
The phenomenon was observed by Mayer and by Elliott Clark (16) 
and others in the tail of batrachian larvae. Histological evidence 
makes it perfectly clear that the lymphatic capillaries are supplied with 
nerve fibers. These fibers have been observed and pictured a number 
of times (Kytmanof, 17), and Camus and Gley (18) have obtained 
graphic records of the functional response of the larger lymphatics to 
electrical stimulation of nerves. Sabin, in a comprehensive article on 
the origin and development of the lymphatic system (19), has collected 
these data in a convincing manner. The lymphatic and blood 
capillaries are essentially similar in histological structure. The evi- 
dence that the blood capillaries are innervated is not so well established 
as is the case with the lymphatics, nevertheless there appears to be 
little doubt of the fact. Shaffer states that nerve fibers may be 
found to follow each individual blood capillary in the rabbit's mesen- 
tery (20). Anatomical knowledge therefore furnishes adequate grounds 
for the expectation, supported by experimental work on the frog, 
that the mammalian blood capillanes will be shown to be contractile 
and under the control of the nervous system. 
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Id 1903 Stcinach and Kahn (21) published an extensive paper 6ti the 
contractility of the capillaries. Their observations were directed almost 
wholly to the effect of direct electrical stimulation in the frog. They 
used the excised nictitating membrane from the frog and observed, 
contrary to the findings of Strieker and Biedl, an actual collapse of 
the whole capillary tube. According to these writers the collapse is 
due to activity, not of the eadothelium as such, but of the perivascular 
cells described by Rouget (22) aad Mayer (15) so that the eadothelial 
capillary tube is collapsed by a passive infolding of the tissue. The 
venules were also observed to contract. 

Analogous results were demonstrated in the omeatat capillaries of 
kittens and guinea pigs. The technical procedure used for these ani- 
mals is not described and capillaries of less than 10 1* were not seen to 
contract. They believe that the vessels which they actually saw 
contract belong, however, to the category of capillaries. 

Finally, in a frog preparation which is described in great detail, they 
obtained contraction in the capillaries of the nictitating membrane upon 
stimulation of the sympathetic fibers which leave the cord in the third, 
fourth and fifth spinal roots. The latency of contraction was four to 
five seconds, sometimes twenty seconds., as compared with a latency of 
one to three seconds by direct stimulation. It was not uncommon to . 
observe rhythmic contractiUty of the capillaries after the stimulus had 
ceased. Galvanic was more efficacious than faradic stimulation and it 
appears that an exceedingly powerful stimulus was required — twelve 
Daniell cells. 

In recent times attention has been again focussed on the functional 
significance of the capillary bed largely as the result of the work of 
Dale and his collaborators in the study of histamine shock (23). Dale 
has advanced the hypothesis that histamine is an endothelial poisoa 
which paralyzes the capillary wall so that a marked dilatation occurs. 
With this dilatation there results a poohng of blood in the capillaries 
sufficient to account for the marked fall in blood pressure found in 
conditions of shock. As the result of the work of Bayliss (24) and 
Cannon (25) and of Abel and Kubota (26), it would appear that a his- 
tamine-like substance may be produced in the body as the result of 
tissue injury sufBcient, under certain conditions, to account for the 
primary symptoms of shock. So that today the opinion is quite widely 
held that histamine or a histamine-likc body plays an important part 
in functional processes of the body. This applies not only to patho- 
logical states such as shock, but Abel and Kubota have advanced the 
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conception that such a substance is significant in normal physiological 
processes regulating the distribution of the blood. 

In an important contribution to this subject, Krogh (1) has recently 
shown that an enormous increase in patent capillaries may be demon- 
strated in active muscle as compared with resting muscle. This in- 
crease may indeed amount to more than 700 per cent. Krogh noted 
that electrical stimulation and massage open up many new capillaries 
and that electrical stimulation enlarges the capillaries already patent. 
He regards the mechanism for the regulation of the capillary capacity 
as being in the capillaries themselves; that is, as due to some chemical 
regulation or else as associated with an axon reflex mediated through 
the sensory nerve fibers. He observed that scratching the tongue of 
an urethanized frog with a glass needle caused a local hyperemia with 
dilatation of the capillaries and arterioles (13). A closed capillary thus 
made to dilate opens from the venous end with the appearance of a 
reversed corpuscular flow. When the dilatation reaches the arterial 
end of the capillary, the blood stream suddenly assumes the normal 
direction. Since cocaine was found to abolish this reaction, Krogh 
was forced to the assumption that it was an axon reflex. He found 
that cocaine also abolishes the dilatation caused by the application of 
iodine but does not afTect the dilatation caused by acids. Section of 
nerves supplying the, part under investigation at first did not affect 
the response to chemical Eind mechanical stimulation. For some days 
after the nerve section the tissues were hyperemia and the capillaries 
responded normally to stimulation. Later on, however, the hyperemia 
disappeared and the capillaries reacted only with a very localized re- 
sponse. From these and other observations Krogh concludes that the 
capillaries dilate and contract independently of the general blood 
pressure, and that the spread of response in the capillaries is due to a 
local axon reflex, probably along the sensory fibers. 

Another line of evidence for the contractility of the capillary is 
found in the tache originally described by Marey (27) in the human 
being. If a blunt-pointed instrument is drawn across the skin a white 
line is left which turns to red in a few seconds. In certain cases the 
red line may be bordered with white and develop a definite urticarial 
wheal. Clinically this condition is regarded as indicative of vasomotor 
insufficiency. Marey explained it as due to a localized contraction and 
dilatation of the capillaries. Bloch (28) thought there was no evi- 
dence that the capillaries actually contracted. According to him the 
red represented capillary dilatation while the neighboring pallor was 
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due to a drainage of blood into the vessels which dilated because of the 
mechanical injury. 

Ryan (29) has sought to standardize this test for application in 
various forms of fatigue. Cotton, Slade and Lewis (30) found the 
reaction well developed in cases of soldiers with irritable heart and 
adduced new evidence in support of the belief that it is a capillary 
phenomenon. The red line and neighboring pallor may still be dem- 
onstrated after the circulation in the arm has been shut off with a 
sphygmomanometer cuff. Hence they conclude that the arterioles 
and venules cannot participate in the production of the red line be- 
cause there is no excess pressure available to dilate these vessels. If 
the arm be raised before the pressure cuff is applied the reaction cannot 
be demonstrated because the skin is depleted of blood. On the other 
hand, if the arm be lowered before the pressure is applied, the reaction 
is vivid because there is an excess of blood in the skin. 

These investigators incidentally show that epinephrin constricts the 
capillaries. When epinephrin is injected into the skin the resulting 
pallor is to be regarded ss due to a contraction of the arterioles which 
shuts off the blood from the distal capillaries. If such an injection be 
made, however, after the blood flow in the arm has ceased as the result 
of occlusion by a blood pressure cuff, pallor is still produced. Since 
constriction of the arterioles would now have noicffect in stopping the 
flow of blood into the capillaries, the pallor which results must be due 
to constriction of the capillaries themselves. This observation that 
the local application of epinephrin constricts the capillaries is especially 
interesting in conjunction with the work of SoUmann (31) who showed 
that histamine also locally applied develops an urticarial wheal. 

Very recently Thaysen (32) has reported quite remarkable oscilla- 
tions in the red cell count in a case of polycythemia. On one occasion 
he recorded an increase from 5.3 million to 10.6 million in the course of 
twelve hours. His investigations and tests showed that these fluctua- 
tions were caused by varying contraction and dilatation of the capil- 
laries and precapillaries of the skin. This writer is reported to believe 
that careful observations would reveal similar results in other cases of 
polycythemia in which the vasomotor system is so un.stable that the 
condition might be called one of vasomotor or capillary ataxia. These 
observations arc an extreme instance of the well recognized difficulty in 
obtaining consistent red cell counts in many clinical cases. It would 
be of very great interest and importance to know if such fluctuations 
are indeed due to alterations in capillary tone. 
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The technique followed in the experiments which form the basis 
of this paper was very simple. Cats were used exclusively. After 
anesthesia was established the animal was placed on a flat holder so 
that the back of the head and ears rested on the same plane with the 
vertebral column. The ear to be observed was shaved and thoroughly 
cleaned and dried. By means of a heavy thread through the upper 
lip the head was so held that an ear flattened out against the board. 
This flattening of the surface was further accentuated by sealing the 
ear to the board with collodion. A naicroscope giving a magnification 
of about 70 X was adapted for adjustment over the animal holder and 
a strong artiflciai light arranged to give direct illumination of the 
area at an angle of approximately 45 degrees completed the equipment. 
Castor oil was flooded over the fleld at the outset and occasionally during 
the observations. 

With such an arrangement a flat vascular plexus can easily be found 
preferably in the neighborhood of the tip of the ear in which the cor- 
puscular flow in the finer vessels can be readily followed for an indefi- 
nite period. In this region the skin lies loosely attached to the connec- 
tive tissue which forms the framework of the ear. There is no muscle 
other than that in the blood vessels which might indirectly influence 
the vascular area under observation. Animals with little pigment in 
the skin are preferable but it is far from impossible to obtain good 
visualization of the capillary network and venules even when a con- 
siderable amount of pigment is present. One sees vessels of various 
size, capillaries with red cells streaming through in single file up to 
larger vessels in which the corpuscles are packed in a thick column. 
The picture is essentially like that seen in the transparent tissues of 
the frog. Vessels exhibiting pulsation are infrequent; probably the 
arteries and arterioles take a deeper course while the capillaries, venules 
and veins lie quite superficially, as is indicated to the unaided eye. 
The capillaries ramify freely particularly about the hair follicles and 
considerable areas are readily found in which the network forms a 
horizontal plane and therefore is easily visuahzed without change of 
focus. It should be emphasized that with the magnification employed 
one does not see the capillary wall; it is only by the presence of the 
red blood cells that the capillaries are recognized. Consequently 
when the vessels are emptied of blood the field becomes a blank so far 
as the smaller vessels are concerned. 
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Attention may be directed to the fact that our present conceptioD 
that the red blood cells course through the capillaries in single file rests 
upon observations of the capillary circulation in the frog. In this ani- 
mal the corpuscles are extremely large as compared with the same 
cells in the mammal (frog 22xl6fi, cat Q n, man S/n) so that the 
reason for the prevalent opinion is obvious. In the mammalian capil- 
lary circulation, including that of man (33), corpuscles may sometimes 
be seen moving in this manner but it is much more usual to find the cap- 
illaries with lumina sufficient to allow more than one corpuscle to pass 
at a time. This difference is doubtless due to the higher rate of metab- 
olism in the mammal. There is Hkewise a much more rapid movement 
of the corpuscles in the warm than in the cold blooded animals. There- 
fore to restrict the capillary, in the mammal, to blood vessels in which 
the corpuscles move slowly and in single file is not strictly consonant 
with the facts. 

Post-mortem behamor of vessels. If in the preparation as above de- 
scribed ether be poured down the tracheotomy tube and the animal be 
thus killed, the movement of blood at first comes to a sudden stop. 
Then the corpuscles clump slightly and shortly begin to move forward 
in the normal direction. This movement, at first noticeable in the 
capillaries, extends to the venules and there lb a slow and gradual 
progression of blood toward the larger veins. The appearance is as if 
no blood entered the capillEiries from the arterial side and that a milk- 
ing process, akin to peristalsis, swept the corpuscles onward toward 
the vein. When the process is complete it may be found that here and 
there in the capillary net a few clumped corpuscles are locked as if 
the constriction of the vessel had failed to carry on the last of its 
contents. 

These events occupy varying lengths of time in different animals. 
They may develop completely in a few minutes or they may last half 
an hour or more. The completeness with which the vessels empty ia 
also a varying factor. Sometimes, particularly in old and debilitated 
animals, the blood may not be moved at all; sometimes the field is 
swept absolutely free of blood but more often a few clumps of cor- 
puscles are left stranded, particularly in the venules. The stagnation 
of these clumped corpuscles is significant in that they give direct evi- 
dence of the contraction of the venules since their diameter is readily 
appreciated to be less than was that of the same section of the vessel 
prior to death. 
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The condition of the vessels as thus described prevails for some 
time, fifteen minutes or more. Then a remarkable change occurs for 
the vessels begin to relax and fill. Close observation reveals that 
relaxation firat develops on the venous side and that the blood flows, 
fllowly at first, then quite rapidly, from vein to venule to capillary, 
and that by the end of approximately an hour the vascular area is 
filled again and filled full with the indication that capillaries invisible 
before death are now widely open. 

One further change remains to be mentioned : an indefinite time after 
the relaxation and filling of the capillaries just described, the vascular 
net is once more emptied of blood. This change is roughly coincident 
with the onset of skeletal muscle rigor and after it is once developed 
there is apparently no tendency to a reversal, at least after four days 
there was in one instance no sign of blood in the smaller vessels. 

The foregoing description of the post-mortem appearances of the 
peripheral vascular bed is substantiated by the photograph reproduced 
in figure 1. In the technique of photographing these vessels two major 
difficulties had to be overcome, especially when applied to the living 
animal. The first was to provide sufficient illumination without heat 
to cut down the exposure time so as to avoid accidental movements. 
This was accomplished by the use of an arc light projection lantern 
without the bellows and projecting lenses. The lantern was tilted at 
approximately forty-five degrees and so placed that the Hght rays were 
concentrated almost to a focus on the part to be photographed at a 
distance of about 60 cm. from the source of light. The second diffi- 
culty was to overcome the movements of the ear due to respiration 
which, however shght, were sufiicient when magnified to spoil the 
picture in the requisite exposure of thirty seconds. In some animals 
the respiration was quiet enough not to be a disturbing factor but in 
the majority of cases a clear picture could not be obtained. In the 
latter, resort waa therefore had to artificial respiration for a couple 
of minutes before the picture was taken. The apnoea which resulted 
was adequate to the requirements. 

For observation alone the nictitating membrane has some advantages 
over the ear. In the cat it usually offers a perfectly white ground on 
which the vessels stand out with exquisite definition. Arterioles, capil- 
laries and venules are readily recognized and less illumination is re- 
quired. Probably the vessels have less covering tissue over them. 
Salt solution instead of oil must of course be used to keep the tissue 
moist. A thread passed through the cartilaginous edge may serve to 
spread the membrane over the eye ball. 
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This area of tissue is, however, ill-adapted for photographs. It suf- 
fers more than the ear from respiratory movements and the arterial 
pulsation both in the vessels of the tissue itself and in the underlying 
eye ball cannot be overcome. In addition to these difficulties activity 
in the smooth muscle of the membrane itself cannot be controlled with 
the result that the focal plane cannot be maintained. Finally, and 
most important for the work in hand this tissue cannot be easily brought 
below the heart level. It follows that passive drainage of the vessels 
may therefore result if the circulation stops. 

The area photographed was magnified ninety times in most of the 
pictures taken. A larger magnification than this led to trouble be- 
cause slight differences of position of the plate, which could not be 
avoided, resulted in a poor focus. The vessels were focussed on the 
grownd glass plate of the camera at the beginning of an experiment 
and as a rule this focus was not changed. A focal error frequently 
crept in, however, due it is presumed to changes in turgidity of the 
underlying tissues so that the results so far as the relative size of a 
vessel is concerned are not wholly trustworthy in the case of capil- 
laries. Conspicuous changes in the size of the larger vessels may be 
relied upon because such changes can be readily recognized by the eye 
when using the microscope without the camera. As to the capillaries, 
their presence or absence in the pictiue should be the sole criterion. 
If a capillary has disappeared or if its continuity is broken it is proper 
to assume that it has constricted because, as has been stated.the vessels 
under inspection lay below the heart level and only active constriction 
could empty them of corpfiscular elements. 

Using the procedure above outlined, photographic records were 
obtained from e^ht cats in which no preliminary steps were taken other 
than etherization and tracheotomy. The animals were kept under 
ether until a satisfactory control picture was taken and then sufficient 
ether was poured down the trachea to cause prompt death. Of these 
eight animals three failed to show a primary vascular constriction 
shortly after death and were not observed further, and six showed com- 
plete or partially emptied vessels. The latter group all showed a aub- 
Bequent peripheral vascular dilatation followed later by emptying. In 
addition a number of other animals were observed, but not photo- 
graphed, with confirmatory results. 

Figure 1 is selected to exemplify these results. If shows the four 
st^ea of vascular change. Three minutes after death the venules are 
constricted and the capillaries lai^Iy emptied. Forty-five minutes 
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after death the venules are widely dilated and many capillaries are 
visible. After another period of forty minutes all the blood has been 
swept out of the vessels and only the shadows of the largest vesseU 
can be found. The data at hand indicate that this last change is per- 
manent since do further alteration was observed to occur for a period 
of four days. 

It may be pointed out here, as was emphasized by Bayliss (20), that 
there is no inherent difficulty in the conception that the protoplasm con- 
stituting the capillary endothelium undergoes change of shape and so 
mediates a constriction of the vascular lumen. The motihty of amoebae 
and of the white blood cells of higher animals is dependent upon such a 
change of form and many other similar imtances could be mentioned. 

That the vascular phenomena above described are not dependent 
upon the innervation of the vessels was shown in three animals in which 
death by ether was produced subsequent to section of the cervical 
sympathetic. In each of these cats the primary constriction was well 
developed in from one to four minutes. This was followed by dilata^ 
tion and subsequent constriction in two of the three. In the one which 
failed to show dilatation the vessels were largely empty three and a 
half hours after death. 

Death by ether subsequent to the intravenous injection of a dose of 
ergamine phosphate sufficient to cause permanent or transient "shock" 
(23) is not followed by the same vascular changes. The intact animal 
or the animal after section of the cervical sympathetic exhibits a pri- 
mary constriction in the capillaries and venules followed by dilatation 
and subsequent permanent constriction, as above indicated. If the 
dose of ergamine is a fatal one or if the animal be killed with ether 
after partial or complete recovery from "shock," the primary constric- 
tion is inconspicuous or wholly absent. In four animals thus ob- 
served, two showed no primary constriction whatever and two gave a 
mere suggestion of it. Furthermore in but one of these animals (a 
kitten killed by the ergamine) did the constriction subsequent to dila- 
tation develop. In all but this last animal the vessels remained 
dilated and filled with blood as long as observed (in one case nineteen 
hours). 

These results then clearly support the view advanced by Dale that 
ergamine phosphate (histamine) is a capillary poison. Additional evi- 
dence is found in a single animal in which after histamine and nerve 
section the vessels similarly failed of the usual response after ether 
death. In other words, the histamine effect is not dependent upon the 
integrity of the vascular nerves. 
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The results thus far presented show that the peripheral vascular bed 
passes through & number of active changes subsequent to death and 
that these changes depend upon a local or peripheral function since they 
are not affected by nerve section and are largely done away with by 
the injection of an endothehal poison (histamine). Almost at once 
after death the capillaries, venules and, presumably, the arterioles 
constrict with the result that the peripheral field is swept more or less 
completely free of blood. Since the corpuscles can be seen in transit 
toward the veins, the result is suggestive of peristaltic constrictions 
running along the vascular tubes. This condition must be looked 
upon as the first consequence of asphyxia and may well be a significant 
factor in the asphyxial rise of arterial and venous blood pressure as 
ordinarily recorded whereby the lesser and minute vessels throughout 
the body dischai^e their contents into the larger channels. This pass- 
ing constriction gives way shortly to a marked dilatation such as is 
usually associated with the collection of a^phyxial and catabohc prod- 
ucts. Some time later and roughly coincident with the onset of skel- 
etal muscle rigor a second constriction develops which is apparently 
permanent in character. Whether this change is due to a rigor con- 
traction of smooth muscle and endothehum, our present knowledge of 
these tissues is insufficient to determine. In no case were observations 
continued long enough (never more than four days) for skeletal muscle 
rigor to pass off, consequently the assertion that the change, assimiing 
it due to rigor, is permanent is somewhat arbitrary. Post-mortem 
tissue changes, including laking of the blood, may in this length of 
time, however, have so clouded the field that the vessels could not be 
seen even though they were filled with blood. Also the blood may 
clot and so fail to run into the vessels even after their lumina have 
become patent. It will be noted that this observation does not accord 
with the livor mortis seen so frequently by pathologists. 

Experiments with nerve stimulation. A second point of even greater 
interest and importance brought out in this research is the effect of 
nerve stimulation upon the peripheral vascular bed. In this set of 
observations the animals were usually anesthetized with uretbane 
and the cervical sympathetic nerve dissected out for stimulation. In 
no instance was it possible to determine, by inspection or by photo- 
graphs, that section of this nerve altered in any way the caliber of the 
vessels of the ear. On the other hand, electrical stimulation of the 
nerve gave unmistakable evidence of constriction in both capillaries 
and venules and subsequent to stimulation an over-dilatation waa 
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recognized. These results were so sharp that it was considered neces- 
sary to perform but three experiments in each of which the observation 
was repeated many times. No indication of fatigue was noted since the 
results wore as good five hours after an experiment was begun as at 
the start. Figure 2 gives the photographs obtained in one of these 
experiments. 



Fig. 3. Constriction <if cnpillariea nnd vpniiles following the injection ot 3 ce. 
li 50,000 eiiinephrin. MagniRcationOO X. Cat. The cervical sympathetic nerve 
had been cut. a, Before, ami b, shortly after the injection of epinephrin. The 
negatives have not been retouched. 

This figure shows clearly the constriction and disappearance of the 
capillaries and venules during electrical stimulation of the cervical 
sympathetic and their subsequent over-dilatation two minutes after the 
stimulus was removed. It happens that no larger venule was present in 
this field but these were repeatedly seen to respond just as conspicu- 
ously as shown here for the capillaries. The response of the venules 
may be appreciated, although not very clearly, in the next figure 
(fig. 3), which shows the effect of epinephrin injection. 
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Experiments with epinephrin. Further evidence of the sympathetic 
innervation of the capillaries and venules was developed from the in- 
jection of epinephrin. This substance, selective in action for contrac- 
tile tissues with sympathetic nerve supply, gave results comparable 
with those obtained with electrical stimulation of the cervical sympa- 
thetic. The effect was the same both before and after section of the 
sympathetic. Figure 3 is made from photographs taken before and 
just after the intravenous injection of 3 cc. of 1 : 50,000 epinephrin in 
a cat three and a half hours after the cervical sympathetic had been 
cut. 

The injection of histamine destroys this mechanism. In a cat in 
which nerve stimulation had given sharp constriction, 6 mgm.ergamine 
phosphate were injected. As soon as the resultant dilatation of the 
peripheral vessels was developed, the cervical sympathetic was again 
stimulated. The strongest stimulating current available failed to elicit 
the slightest response. 

The findings here presented are contrary to our present belief that 
the active functional peripheral resistance is to be found wholly in the 
smaller arterioles with smooth muscle in their coats. The evidence 
given indicates that nerve impulses along vasomotor fibers may play 
upon the caliber not only of the arterioles but on that of the capillaries 
and venules as well. We must therefore modify our conception of the 
peripheral resistance in the matter of functional activity to include the 
whole peripheral vascular bed including therewith the arterioles, 
capillaries and venules. 

It will be obvious, furthermore, that if the conception in regard to 
the peripheral resistance here advanced is substantiated, the body pos- 
sesses a remarkable mechanism for the regulation of the distribution 
of the blood. For by alterations in the tonic capacity of the capUlaries 
and venules, which is under the control of the central nervous system, 
circulating corpuscles as well as plasma can be mobihzed to a very con- 
siderable degree in accordance with the physiological needs of the 
various tissues both local and general. It would seem also to follow 
that blood volume and plasma volume determinations must be subject 
to the same physical mechanism (34). 

If, as is highly probable, specific nerve fibers supply the different 
parts of the peripheral vascular bed (arterioles, capillaries and venules) 
the play of functional adjustments must be exceedingly complex. 
Hitherto it has been possible to invoke chemical processes alone to 
account for many of the exquisite adaptations recognized to occur in 
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physiological adjustments. In the light of the facts here presented 
we may conceive of a highly organized nervous mechanism adapted 
to quick and efficient response superimposed upon the primitive chemi- 
cal methods available to the organism. There is doubtlees a happy 
coaptation between these two major processes of control but on the body 
surface, exposed to noxious environmental factors, and in the voluntary 
muscles where quick adjustments of blood supply are constantly de- 
manded, we might expect the nervous regulation to play a significant 
teleological r61e. In the glands and deeper body tissues generally, on 
the other hand, where reaction time is of less significance, responses 
may lai^ely depend upon chemicaJ factors for their instigation. 

If the body has at its control such a highly organized device for the 
disposition and partition of the blood by which extensive capillary 
beds may be largely emptied of or packed with corpuscular elements or 
plasma, an explanation is readily found for the uncertainties of blood 
cell counts and blood volume determinations. Individual capillaries 
may be opened up or closed or they may be gorged with stagnant 
inactive corpuscles, as is possible to demonstrate on the finger (32). 
Mediation of these and similar changes would be accomplished by 
activation of the arteriole, capillary or venule functioning individually 
or collectively. It is natural to infer that normally such forces are well 
balanced and counteract one another so that the volume and corpuscu- 
lar composition of the blood is held relatively stable, but in time of 
physiological stress or in disease the alterations which develop might 
assume considerable proportions. The significance of this mechanism 
for the nutrition of the tissues will likewise be apparent since it may 
be presumed to exercise control over the rate at which plasma passes 
through the capillaries and into the tissue spaces. 

The present work does not include a demonstration of nervous regu- 
lation of vasodilatation in the capillaries and venules but the evidence 
justifies the assumption of such an hypothesis. On the other hand, 
the primary constriction followed by dilatation which occurs after 
death indicates that chemical regulation may function both in constric- 
tion and dilatation. The effects of the injection of epinephrin and of 
histamine likewise substantiate this conception. These findings accord 
with the recent clean-cut results obtained by Krogh (1) on the in- 
crease in number of patent capillaries in active muscle and the similar 
results recognized to occur in the early st^es of inflammatory processes 
(4). The work of Gaskell (35), Bayliss (36) and the writer (37) on the 
chemical regulation of peripheral resistance is thus to be interpreted 
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that chemical factors constrict as well as dilate the finer vessels other 
than the arterioles. 

To further substantiate the fact that nervous impulses actually pro- 
duce a constriction of capillaries and venules, attention may again be 
called to the condition of these experiments. The vascular bed under 
observation lay some 2 cm. l>e!ow heart level. An occlusive constric- 
tion in the arterioles could not therefore passively drain the vessels 
distal to the constriction and supporting a hydrostatic column. It is 
conceivable that, if these vessels were under tension due to a ins a 
tergo, they might decrease in size when their filling pressure was shut 
off but they would not empty. Indoctl it was found in an experiment 
in which the carotid was occluded long enough to bring the blood stream 
to a standstill in the peripheral vessels, that the capillaries showed no 
appreciable decrease in size and that the corpuscles did not tend to 
clump. The latter point is small but significant because when the 
capillaries are made to contract, as by nerve stimulation, the cor- 
puscles invariably tend to gather together and move along in clumps. 

Lister (4) in that splendid paper to which reference has already been 
made on the "Early Stages of Inflammation" published in IS.'iS, de- 
scribes an experiment on the frog which is of decided interest in this 
connection. He was studying with the microscope the behavior of the 
peripheral vessels in the web of the foot under various conditions and 
in this experiment he observetl that irritation of the cord caused the 
capillaries and venules to disappear from view. He ascribes this result 
to an active constriction of the aterioles sufficient to block the passage 
of the red cells but insufficient to stop the flow of plasma so that the 
corpuscles floating in the capillaries and venules arc washed onward 
from the field. The red bloo<l cells of the frog are of course relatively 
large and could presumably be blocked in the manner indicated, but 
I am inclined to believe that Lister actually saw a constriction of the 
vessels in question. In the flrst series of experiments described in the 
present paper the evidence is clear that, after the heart has ceased to 
beat, the capillaries and venules can empty themselves not once but 
twice against an appreciable hydrostatic resistance. The movement 
and disposition of the corpuscles under these conditions is not to be 
distinguished from their behavior under the influence of nerve stimula- 
tion; the stream stops quite abruptly, the corpuscles congregate in 
masses and then progress slowly and without definite regularity. This 
forward movement occurs against a hydrostatic resistance and in spite 
of the fact that the corpuscles would tend in a stagnant plasma, be- 
cause of their specific gravity, to settle and adhere to the vessel wall. 
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Doctor Connet has recently shown in a research done in this labora- 
tory (38) that the injection of epinephrin raises the systemic venous 
blood pressure. In this work she was able to exclude the slowin); of the 
heart which has hitherto l>pen regarded as sufficient to account for the 
phenomenon, and reached the conclusion that the substance acts by a 
direct effect upon the veins in the intact animal just as it has been re- 
peatedly shown to act upon isolated vein preparations. It seems 
highly probable in view of the results presented here that the rise in 
venous pi-essure following the injection of epinephrin demonstrated 
by Doctor Connet is associated with a constriction of the capillaries 
and venules as well as of the veins. 

Experiments with hinfainiiif. With a method available for the study 
of the capillaries in the mammal it was quite natural that one should 
be led to a study of the effect of histamine. The attractive hypothesis 
advanced by Dale (23) that histamine "shock" (and probably trau- 
matic "shock") is due to a specific toxic action upon the capillaries 
rested upon indirect evidence. It was possible with the preparation 
at hand to put this hypothesis to a direct test. 

References have already l)een made to the toxic action of histamine 
on the capillaries and venutesin the experiments previously described: — 
after the injection of histamine post-mortem constriction of these 
vessels was absent or very slight and no constriction could be obtained 
by nerve stimulation. In addition to these experiments a number of 
experiments were performed, seven in all, in which attention was 
directed primarily to the histamine effect. Ergamine phosphate, 6 
mgm. per kilo in salt solution, was injectwl intravenously in accordance 
with Dale's technique. 

The results were uniformly clean-cut and decisive. Within a few 
minutes after the injection the capillaries and venules were filled with 
stagnant blood and definitely dilated. The dilatation was distinctly 
more conspicuous in the venules. These changes developed in con- 
junction with the fall in arterial blood pressure and in one experiment 
in which it was followed with a fall in venous pressure. 

Doctor Rich has obtained similar results in the capillaries of the mam- 
malian omentum (39) by a different method. Rich found that flooding 
the peritoneal cavity with Zenker's fluid gave prompt fixation of the 
tissue so that it could be removed and studied under the microscope. 
If the tissue was thus fixed immediately after the intravenous infusion of 
hbtainine, marked capillary and venous dilatation and engorgement 
could be demonstrated. This vascular change was entirely absent in 



,yGooglc 



. R. HOOKER 







,yGooglc 



PTKCnONAL ACTIVITY OF CAPILLABIES AND VENULES 51 

control experimenta in which salt solution was infused instead of 
histamine. 

Usually, although not invariably in my experiments, this dilatation 
was preceded by what must be interpreted to be a constriction, under 
the experimental conditions. This constriction lasted a. variable but 
brief period of time, frequently so short that it could not be photo- 
graphed satisfactorily. This reaction is especially well exemplified in 
figure 4 in which the photograph which shows the constriction was 
taken ten minutes after the injection of ergamine when the arterial 
pressure was 24 mm. Hg. The arterial pressure was still at 24 mm. Hg. 
thirty-five minutes later when the last photograph shown in this figure 
was obtained. 

This transitory constriction of the capillaries and venules may not 
occur throughout the body since Rich was unable to find any evidence 
of it in the capillaries of the omentum. It may be due to a primary 
central effect of the poison or, what seems more probable at the moment, 
it may represent one of those curious reactions according to which a 
drug or substance depressive in effect at first acts as a stimulus. Such 
a transitory reversal of effect is not uncommon in perfusing the iso- 
lated heart with inorganic salts and I have observed a similar effect in 
perfusing the respiratory center (40). Burridge {41) has suggested, 
in the case of the heart, that the condition is associated with the state 
of aggregation of the colloids. 

Although it thus appears possible that histamine may under certain 
conditions produce its primary "shock" effect while the capillaries and 
venules of the ear are constricted, these experiments as a whole undoubt- 
edly lend strong support to Dale's hypothesis to explain histamine 
" shock." 

In conclusion it will not be out of place to state that the preparation 
used in these experiments offers an excellent method of demonstrating 
the capillary circulation in the mammal to students. A low power 
microscope (ocular 1 and objective 3), adapted by removal of the stage 
to fit over the edge of an animal holder and a good light are all the 
apparatus that is required. The capillary circulation can be similarly 
observed in the rabbit and presumably also in the dog although the 
latter animal has not been investigated. The rabbit's ear is, however, 
distinctly more susceptible to inflammatory processes than is that of 
the cat. 
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SUMMARY AND CONCLUSIONS 



A method is deserilxxl whereby the jwripheral circulation (particu- 
larly the capillaries and venules) in the cat's ear may be obsen'ed and 
photographed. It is thus possible to study in the living mammal the 
capillary circulation, investigation of which in the intact animal has 
hitherto been limited to the froR, Making use of this mptho<l, the 
following experimental results were obtained: 

1. After ether death the peripheral vessels at first constrict so that 
they are largely emptied of blood. This constriction which occurs usu- 
ally within a few minutes lasts but a short time and is followed by a 
marked dilatation and engorgement. Subsequently and roughly coinci- 
dent with the development of skeletal muscle rigor, the vessels are again 
emptied of blood. The latter condition prevails indefinitely (fourdays 
at room temperature). 

These changes are much less conspicuous or entirely absent if the 
animal is previously injected with histamine. They are not affected 
by section of the vasomotor nerve fibers (cervical sympathetic). 

It is thus concluded that these post-mortem vascular ntactions are 
independent of the central nei'vous system and that they are abolished 
by an endothelial poison. 

It is suggested that the first constriction represents a responst? let 
asphyxia and luay be a significant factor in the asphyxia! rise of arterial 
and venous blood pressure. 

2. Section of the vasomotor fibei-s to the part (cei'vical sympathetic) 
did not cause an appreciable dilatation of the vessels but electrical stim- 
ulation of these fibers gave clear evidence, by causing constriction, 
that the capillaries and venules arc under sympathetic nervous control. 
This fact was further substantiated by the injection of epinephrin 
which caused a similar vascular response. 

The reaction to nerve stimulation could not be obtained in an animal 
poisoned with histamine. 

These results indicate that the functional peripheral resistance is 
not limited to the arterioles but includes the capillaries and venules as 
well. It is inferred that this resistance is subject to chemical as 
well as nervous control. This concept involves a reorganization of our 
present beliefs concerning the peripheral resistance and implies the 
existence of an efficient physical mechanism for the distribution and 
regulation of the circulating blood volume and of the supply of nutri- 
ment to th«! tissues. 
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3. The injection of histamine (ergamine phosphate) causes a prompt 
and permanent dilatation of both capillaries and venules with stagna- 
tion of the corpuscular stream. 

This reaction appears to be characteristic and thus con6rms Dale's 
hypothesis that histamine "shock" (and presumably traumatic 
"shock") is largely dependent upon the reaction of the capiUatifis. 
It should be noted, however, that the present results extend this reaction 
to include the venules as well as the capillaries. 

Prior to the dilatation which appears to be the characteristic histamine 
effect, there is usually a short period when the vessels in the ear are 
constricted. Neither this transitory effect nor the general histaitii^e 
effect is influenced by nerve section. Both effects are thus due to the 
direct action of the substance on the vessels. 

It is probable that vessels elsewhere in the body do not show this 
passing constriction since it may .persist for some minutes after ■Ae 
systemic arterial pressure is at shock level and give place to dilataifion 
while the blood pressure level remains unchanged. 
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STUDIES ON THE VISCERAL SENSORY NERVOUS SYSTEM 
I. LtmG Adtouatisu and Lunq Reflexes in the Fboq (R. pipiens 
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Prom the Hull Pkjfnoloffieal Laborxilorj/, Vnivernty of Chicago 
R«cetved for publication July 12, 1920 

This report is the be^muog of an investigstioa and analyais of the 
reflexes evoked by the visceral senspry nerves in all the groups of verte- 
brates available for study. The inception to this line of work was the 
observation on man (7) that strong contractions of the empty stomach 
produce reflex effects on the cardiac and the vasomotor centers. To 
date we have studied the reflexes from the visceral afferent system 
involving the skeletal musculature, the respiratory mechanism, the 
gastro-intestinal tract, the heart and blood vessels, and the urinary 
bladder. In somecasea our reflex results compelled us to re-investigate 
the motor mechanisms of the organ involved in the reflex response. 
This is true especit^y of the lui^. 

We have today fairly comprehensive and at^urate knowledge of the 
e^erent nervous mechaoinn of the viscera, tbaoka to the work of 
Gaakell, Lan{^ey and others. 

On the sensory or afferent ude our information ia nuide up Wgely 
of gaps and guesses, despite its probable importance in functional 
integrations in health and disease. This phase of physiology has been 
studied especially with reference to conscious visceral sensations, to 
witness only the work of surgeons and internists on direct and referred 
visceral pain, and of physiolc^ists and psychologists on the sensibility 
(conscious) of the alimentary canal. To our knowledge a thorough- 
going investigation of the sub-conscious reflexes evoked from the vis- 
ceral sensory nerves in health and disease has not been made. ' In 
Gaskell's recent monograph (8) on the involuntary nervous system 
the afferent component of this system is not even mentioned, and in 
Sherrington's article on the "Sympathetic Nervous System" in the 
1911 edition of the Enclyclopedia Britannica the afferent component 
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ia diffluifised with the following sentence: "Of the afferent fibers of the 
sympathetic little is known save that they are, relatively to the efferent, 
few in number, and that they, Uke the afferents of the cerebro-s[Hna] 
system, are axones of nerve cells seated in the spinal ganglia." 

EXPBRIICEMTAL METHODS 

/. The lung contractions were registered by means of water manom- 
eters (diameter 8-10 mm.) connected with smaJl glass cannulae 
inserted and tied in the tips of the lungs. For the most delicate lung 
contractions these water manometers were not sufficiently sensitive, 
and in the study of these phases a very delicate tambour was employed. 
In fixing the cannula in the tip of the lung care must be taken so that 
the direct handling of the lung is minimum and gentle, as direct and 
rough handling induces prolonged tonic contractions that may involve 
the whole lung. In ftnimula in poor physiological conditi<Mis, the lungB 
are usually quite atonic, and these contractions due to direct handling 
(mechanical stimulation) are less in evidence. 

In experiments with the glottis open and the frog preparation breath- 
ing spontaneously no artificial pressure can be maintained in the lungs, 
because if the lungs are collapsed through cannulae in the lung tips, 
the frog promptly fills the lung again up to the original pressure. If 
this original pressure is slightly exceeded by inflation through the can- 
nula the glottis is promptly opened and the pressure reduced. In the 
e]ci>eriment8 involving (he closure of the glottis the lungs were prac- 
tically always collapsed and empty at the conclufdon of this operation 
In the subsequent inflation of the lungs we always took pains not to 
exceed the normal pressure maintained by the frog (1-3 cm. water). 

Most of the previous investigators of the physiolt^y of the respir- 
atory movements in the frog have used various methods for graphic 
r^fistration of the throat and flank movements (Martin (16), Weden- 
skii (26), LangendorfF (14), Sherrington (23), Baglloni (3), Soprana 
(24), Nikolides (20), (21)). Brown (5) and Willem (27) recoided intrar 
pulmonic pressure by means of cannulae in the tip of the lungs. Mochi 
(17), (IS), (19) placed the body of the frog, except bead and throat, 
in a pletbysmograph and closed the pletbysmograph by sectioning the 
frog's skin around the neck and tying to the pletbysmograph tube. 
It seems to ua that the method of Mochi introduces more trauma and 
abnormal physiological conditions than a sUt throu^ the abdominal 
wall for placing cumula in the tip of the lungs. 
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S. For the r^atration of the variations Id the intrapulmonic pressure 
during normal respiration the animals were usually decerebrated, and 
slits made through the abdominal wall over the lung tips, of sufficient 
size to insert cannulas in the lung tips. This incision through the 
abdominal wall was made with or without local application of cociune. 
The animals were then placed, usually without restrunt, on a bo^^ 
or preferably in a small dark box. In most cases animals thus pre- 
pared would sit quietly for long periods, unless disturbed by external 
stimulations. In a few animals the abdominal incisions were made 
under local ane^hcaia without previous decerebration. 

S. In the experiments where it was necessary to separate the lungs 
completely from the influence of skeletal muscle contractions several 
methods of procedure were used: 

a. After decerebration and fixing the cannulae in the lung tips, the 
animals being placed in nonna! position (ventral side down) on the 
board or in the dark box, the abdominal muscles were cut away and 
the spinal cord pithed below the brachial plexus. In such a preparation 
movements of the head, strong respiratory movements (swallowing) 
of movements of the front legs. will alter the intrapulmonic pressure, 
but the rapidity of these movements is much greater usually than 
the lung contractions so that the latter can be readily differentiated 
from the passive effects of the former movements, and in favorable " 
preparations the former movements may be absent over considerable 
periods, thus giving the lung contractions free play. 

b. Without previous decerebration the spinal cord was cut just below 
the medulla and pithed the entire length caudad, the animal placed 
on the board dorsal side down, the abdominal wall opened for its entire 
length by a median incision, and the lungs completely isolated, except 
for their anatomical connections with the pharynx and esoph^us. 
Animals thus prepared continue to breathe spontaneously for consider- 
able periods if care is taken not to injure the lungs or pharynx and 
prevent exsanguination. Head and pharyngeal movements are still 
capable of influencing the intrapulmonic pressure mechanically. The 
isolated lungs were prevented from drying by a thin layer of absorbent 
cotton kept moist with Ringer's solution. 

4- Closure of the glottis. Our greatest technical difficulty consisted 
in proper closure of the glottis in experiments where this procedure was 
essential. The frog has no trachea and bronchi. The glottis opens 
directly into a rather large tracheal sac which communicates with the 
base of each lung. This tracheal sac is so closely adherent to the tis- 
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sues at the base of the heart that we found it impracticable to close 
the lungs by ligation or compresuon of this sac without an amount of 
injury to the heart nerves, and main blood vessels that resulted in quick 
failure of the circulation. The following experiments were tried with- 
out practical success: ' 

(1) Ligation of base of lungs at their junction with the tracheal sac, 
leaving the lung blood vessels and nerves outside the %ature. This 
failed because of the impossibility of accomplishing the latter without 
puncturing the lung wall, or if successful the ligation produced enough 
anatomical distortion to interfere with the lung circulation. 

(2) Closing the tracheal sac or either lung by small wada of cotton 
pushed through the glottis. This failed mainly because the glottis 
opening is smaller than the diameter of the tracheal sac or its com- 
munic&tioD with the lungs. Hence the cotton wad passed sooner or 
later into the lung cavities. 

(3) It was noted, when the median inciuon exposing and isolating 
the lungs was carried forward to the level of the baae of the heart 
only, that lateral and dorsal tension exerted by pull on the front legs 
would prevent air from entering or leaving the lui^ by the normal 
breathing movements. This was evidently due to collapse of the 
trachea] sac by external compression. This gave us the clew to a 
method of closing the glottis and blocking the air communication be- 
tween the two lungs with the least possible trauma or physiological 
violence. A cotton plug of suitable size, with or without a coating of 
vaseline, was inserted through the mouth and pushed down the esopha- 
gus to the level of the glottis and the tracheal sac. The pressure thus 
exerted on these structures from the esophagus not only closed the 
glottis but usually cCHnpiessed the tracheal sac sufficiently to prevent 
air communication between the two lungs, especially if in addition 
the front legs were put under alight dorso-lateral tension. 

This mode of procedure sufficed for the degrees of lui^; contractions 
accompanying the normal respiratory movements, or induced by reflex 
stimulation. But it proved inadequate in case of the extrone tetanus 
of the lungs following section of the vago-sympathetic nerves or pithing 
of the medulla. These strong contractions always forced the glottis 
open against the cotton plug in the esophagus. Hence in all the experi- 
ments on this phase of lung physiolf^y the glottis had to be closed 
more firmly. This was done by clamping the rim of the glottis with 
a slender artery forceps. The mouth being held open, a slender hook 
was passed through the glottis, under gentle forward traction the rim 
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of the glottis was compressed with a slender artery forcepB, a amall 
cotton plug pushed into the esophagus and left in situ together with 
the forceps. Care must be taken not to place the forceps too far down 
on the tracheal sac and pharyngeal tissues, as in that case the pulmo- , 
nary branches of tbevagi as well as the lung blood veasels are included 
in the grip, or placed on such tension that vagus action on the lung and 
lung circulation are interfered with. 

The essential drawback to this procedure is the trauma produced 
or rather the violent mechanical stimulation of the sensory nerves in : 
the glottis, larynx and pharynx by the compression. Placing the 
artery forceps in the region described produced something like 
profound prostration or "shock" in the preparation. Respiratory move- . 
ments cease for a considerable period, and in the case of animaln other- . 
wise in poor condition may not return at all. It is scarcely necessary 
to add that the results reported, using this method of closure of the 
glottis, are based on the vigorous preparations in which spontaneous; 
respiration returned. 

5. The mucus in the lung cavities can, of course, not be eliminated . 
from the lungs in Uie normal way under any ctmdition of glottis ob- : 
struction. Furthermore, the unavoidable trauma to lungs and tracheal , 
sac in preparation may actually increase the mucous secretion. This 
lung mucus is a hindrance and a source of error in registering lung tonus 
and contractions by our method, as strong contractions may force 
some mucus into the cannula in the lung tips, and this will interfere 
with the prompt and accurate response of the water manometer to 
al^t variations in the intrapulmonic pressure. It is needless to say 
that preparations must be discarded in which the lung mucus interferes 
with accurate recording of lung contractions. 

6. Adminiairalion c^ the drugs. All the drugs used, unless otherwise 
noted, were mixed with varying quantities of Singer's solution and 
injected slowly into the abdominal vein. A few injections were made 
directly into the heart. 

7. PreveTiHormf asphyxia after closure of the gJattia. It was, of course, . 
essential to maintain circulation and lung ventilation even after closure 
of the glottis, so that abnormal reflexes and local lung reactions would . 
not be set up by asphyxia. We endeavored to maintain good circula- 
tion by ligation of the main blood vessels sectioned in the preparatitm 
of the animal and by occasional intravenous injections of small quan- 
tities of Ringer's solution. The frog's heart is apparently very sensitive . 
to the mechanical factors of 611ing, as it ceases to beat entirely or beats 
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very feebly when the blood preesure is very low, but resumes an ade- 
quate rhythm on replacing the lost blood with Ringer's solution. 

It is well known that the frog in water carries out a considerable 
propCHiion of its gaseous exchange through the skin. Under the 
temperature conditions prevailing in the laboratory during this woilc 
the frogs (R. pipiens) would remain under water for 18 to 25 minute 
periods, come to the surface and make a few vigorous respirations and 
submerge again for the same length of time. Evidently the filling the 
limgs with air, supplemented with the skin respiration, met the respir- 
atory needs for 20 to 30 minutes. On the basis of these facts, we 
^ways kept the skin of our frog preparations moist with water, and 
gave occasional artificial respirations, except in cases of extreme lung 
tetanus when the latter procedure would have been useless. 

8. All the tracings reproduced with this report were taken with the 
same speed of the kymograph. The time record is not always attached 
tO'the tracings reproduced, for reasons of economy of print paper. But 
the reader interested in any question involving the time element as a 
raatter of importance can readily transfer the time tracing, given in a 
few. of tlu' tracings, to the others; 25 cm. of tracing (original size) = 17 
nkinuteaJ ' 

LUNQ' TONUS AND LUNG CONTRACTIONS DUBINO NORMAL HESPmATION 

/j The anatomy of the frog's lung is well known. The reader will 
recall that the lung is a paired muscular sac, numerous septa on the 
interior surface dividing this into small spaces or alveoU. The septa 
eictend oidy a few millimeters from the lung wall, so that the larger 
part of the lung cavity is a large single air space. There are no bronchi 
asd no true' trachea, the tracheal eac having essentially the same struc- 
ture as the rest of the lungs, and probably carrieB out the same respir- 
atory function. 

Smooth musculature covers the entire wall of the lungs and extends 
into the smallest septa on the inner surface. More or less definite 
external muscle strands follow the course of the main pulmonary blood 
vessels on the lung surface. 

The arrangement of the lung musculature is such that contraction 
(even of the septal musculature) will reduce the size of the lung cavity, 
or raise the intrapulmonic pressure in case the air in the lung is not 
free to escape. 
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The action of the septal musculature would be analt^ous to that 
of the bronchial constrictor muscle of the mammaliau lung. So far 
as we know, the mammalian lung has no counterpart to the lung wall 
musculatiu^ in the frog. 

After having discovered the striking peripheral motor automatism 
of the fK^s lung we become especially interested in the local nervous 
tissue in the lung of this animal group. According to the histological 
investigations of Arnold (1), Smimow (25), Cuccate and WolfE (28), 
there are numerous ganglia, as well as isolated ganglion cells (multi- 
polar and bipolar) aloi^ the course of the main vago-sympathetic 
nerve trunks on the surface of the lungs. There are medullated and 
non^nedullated nerve fibers in these nerve trunks. A plexus of fine 
Don-medullated nerve fibers surrounds the strands of lung musculature. 
The ganglion cells and these nerve plexuses are most abundant at the 
base of the lungs. Arnold points out that the gangha and ganglion 
cells in the frog's lung are histologically identical with those of the 
frog's heart. They are also probably identical, both aa to histology 
and function, with the ganglionic plexuses (Auerbach) in the wall of 
the gut, especially as the lung is a diverticulum from the esophagus. 

B. The external respiratory mechanism of the amphibians differs 
from that of all other air-breathii^ animals in that the air enters the 
lungs under positive pressure due to the act of swallowing. One might 
therefore surmise that in the amphibia the respiratory center in the 
brain is anatomically and physiolc^cally identical with the center 
for de^utition. 

The sequence and coordination of the respiratory acts (buccal move- 
ments, closing of nares, expiration and inspiration or swallowing air) 
have been correctly analyzed and described especially by Lai^ndorfiF 
(12), (13), Baghoni, Brown (5) and others, and most recently by Wil- 
lem (27). We have nothing new to add on that point, and can con- 
tribute no new facts bearing on the old and new speculations aa to 
phylogenetic and physiological significance of the buccal movements 
which proceed rhythmically between the actual renewal of air in the 
lungs (swallowing). 

The types of the respiratory rhjrthm as revealed by the intrapulmonio 
pressure in normal and in decerebrated frogs are shown in ^ure 1. 
The fillii^ of the lungs by swallowing (upstroke) is preceded by opening 
of the glottis and escape of some air into the buccal cavity. According 
to most of the competent and recent invest^ators, the nares are closed 
during the whole act so that while the ah escapes from the lung it 
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does not actually escape through the nares. Rebreathing is therefore 
a marked feature of the frog's lung respiration. The buccal movemente 
going on between the swallowing acts and with the nares open, biing 
fresh air into the buccal cavity. 

In exceptional cases there is a perfect aynchrony between the buccal 
movements and the actual air swallowing {&g. 1, B). But usually 




Fig. 1. Reoords of inirBpulmanic pressure in frogs. Tracings A, D, S, taken 
by water mftnometer; tracings B and C by air transmission and tambour. Trac- 
ings A to D, Rana pipiens, animals decerebrated and the tip of one lung exposed 
by small abdominal incision. No anesthetics, animals sitting quietly in nor- 
mtd posture. Tracing E from bull frog (R. catesbiana), tip of lung exposed by 
small abdominal incision after cocaine, animal sitting quietly in a darkened moist 
box; time, 5 seconds. Showing varying types of respiration in the frog 

All the tracings n this article are reduced to about ^ of the original. 

several buccal movements are made between each swallowing act 
(fig. 1,A), and a striking feature of the air swallowing rhythm in meet 
frogs is a periodicity similar to the Cheyne-Stokes breathing in manunals. 
This has been observed by most of the former investigators on the 
respiratory movements in the frog (Luachinger and Sakalow (15), 
LangendoriE (12), (13), WedenskI 26, Sherrington (23), etc.). The 
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frog may go on over long periods Bwallowing as much air as that which 
previoufily escaped through the open glottis, thus maintainii^ a con- 
stant general level of intrapulmonic pressure of 1 to 2 cm. of water. 
This type may periodically change into one in which during a few 
powerful air awallowings the amount of air forced in greatly exceeds 
the quantity that escaped between the time of glottis opening and the 
Bwallowing act. In consequence of this the lungs expand and the 
intrapulmonic pressure rises from the general level of 1 to 3 cm. of water 
up to a level of 6 to 9 cm. of water. All respiratory movements then 
cease for periods varying from 5 to 60 seconds and the act is renewed, 
that is, the quantity of ait let out of the lung in each respiratory act 
is greater than that forced in; the lung shrinks and the intrapulmonic 
pressure falls to its former general level of 1 to 2 cm. of water (fig. 1, 
C, D, E). 

According to our experience, this is the usual type of respiration in 
the frog. As previously noted by Sherrington and others, decerebra- 
ti<H) or other methods of preparation are not responsible for inducing 
it. It is probably a normal rhythm developed in connection with the 
habitual imder-water existence of the animal. During the respiratory 
pause with high intrapulmonic pressure this pressure, as recorded by 
the ordinary water manometer, may show an initial rise and then re- 
main at a fairly constant level until the next respiratory act, but if 
the pause is long the intrapulmonic pressure gradually falls, due, not 
to escape of air through the glottis, but to relaxation of the tonus of 
the lung musculature. 

S. Active lung contractions and lui^ inhibitions associated with the 
respiratory movements. 

a. CotUradiona. The reader's attention is invited to the tracings 
reproduced in figures 2 and 3. It will be noted, especially on the upper 
tracing in figure 2, that at the end of the last respiration followed by 
a Cheyne-Stokes pause, there is a latent period of 1 or 2 seconds fol- 
lowed by a rise in the intrapulmonic pressure that may exceed the 
maximum upstroke of the final inspiration. When the pause is suffi- 
ciently long and registration apparatus sufficiently delicate, it will be 
seen that this rise in pressure is due to a contraction lasting from 10 
to 15 seconds. These contractions are evidently due to the activity 
of the limg musculature, for we have observed them in animals after 
isolfttion of the lungs, fixation or resection of the abdominal and shoulder 
muscles or destruction of the entire spinal cord below the medulla. 
MoreoTer, the changes in the intrapulmonic pressure due to active 
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contractions or relaxation of the skeletal musculature are more rapid. - 
The contractions are also too slow to be due to passive elastic rebound 
of the connective tissue of the lung. They are, however, very similar 
to the quick spontaneous contractions that are seen at times in the 
hypertonic frog lung after cutting the vagi or complete destruction 
of brain and spinal cord (fig. 7). The tracing in figure 3 illustrates the 
fact that these lung contractions may follow single respiratory move- 
ments, if the pause between two successive swallowings is of sufficient 
duration. 

It would seem that these contractions of the lung musculature fol- 
lowing the active inspiration or attempts at inspiration have not been 
seen by previous workers, except possibly Graham Brown (5). On 



Fig. 4. W&ter manometer tracinga of the contractions of the lung musculature 
in the frog (Rana pipiena) that follow upon the external respiratory movementB. 
Spioal cord transected and destroyed below the medulU. Lungs isolated and 
cannulated (tip). Glottis closed with forceps »o that there is no communication 
between the two lungs. A, upper tracing equals left lung; lower tracing equals 
right lung. B, aame. X •* pharyngeal respiration or attempt at swEdlowing 
air. 

some of the tracings published by Brown there is an increased pressure 
in the lungs shortly before expiration, and Brown suf^csts that this 
■i due to muscular contractions in the lungs. 

The lung contractions do not depend on the change in tensioD on 
the lung tissues following a forcefiil inspiration. The glottis may be 
closed and the pressure in the lungs Taised to that of the normal of 
1 to 3 cm. of water, and in such preparations each attempt at respira- 
tion, single or a series, is followed by lung contractions (fig. 4). In 
preparations with the glottis closed the contractions are usually more 
prolonged than those seen in figures 2 and 3. 

We are thus forced to the conclusion that in the frog the normal 
inspiratory movements lead to active contractions of the lung mus- 
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culature through associated innervation, either of the motor fibers to 
the lung or through central depression of the inhibitory fibers control- 
ling a peripheral automatism. 

b. Inhibition. In preparations with the glottis closed, and in intrsr 
pulmoDic pressure approximately normal (1-3 cm. of water), the acUve 
respiratory movements lower Ike intraptilmonic pressure, evidently by 
inhibition of the lung muscle tonus (fig. 5). With the glottis closed 
no air can enter or leave the lunga. The respiratory movements of 
the throat and pharynx, especially if they are v^orous, induce slight 
fluctuations in the intraptilmonic pressure of equal rapidity with the 
pharyngeal movements. Vigorous movements of the he^ may induce, 



Bl 



Fig. 5. Water manometer tracings of the intrapulmoaic pressure in frogs 
(R. pipiens}. Spinal cord cut and pithed below medulla. Cannula in tip of lung, 
and glottis closed (imperfectly) by cotton and collodioQ. A, simultaneous record 
from both lunga of the bull frog. B, record from lung of R. pipiens. Showing 
inhibition of the tonus of the lung musculature during the active respiratory 
movements. The rapid fluctuations (respiration) on the tracings are due to 
movements of larynx and head, and not to entrance and exit of air into the lungs. 

possibly, stronger positive pressure in the closed lungs synchronously 
with these movements. It is possible but not probable that the lower- 
ing of lung muscle tonus during the rapid and rigorous swallowi^ 
movements are due to mechanical stimulation of the lut^ from this 
source, since the inhibition cannot be produced by similar fluctuations 
in intrapulmonic pressure artificially induced, and direct mechanical 
stimulation of the lungs when strong enough to have an effect causes 
contractions. 

The return of the lung muscle tonus following the period of inhibition 
is quite similar to the lung contractions described in previous sections 
and illustrated in figures 2, 3 and 4. So far as we know, this inhibition 
of the lung musculature has not been noted by previous investigators. 
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The utility of the correlatioD is obvious, the relaxation of the lung 
miasculature during inspiration being favorable to the filling of the 
lungs by the swallowing act. 

THE PEBIPHERAL MOTOB AUTOUATIBM OF THE LONOS AND THE INFLUENCE 

Of THE VAGI AND THE CERVICAL SYMPATHETIC NERVES ON 

THIS AUTOMATISM 

1. In preparations with the glottis closed, lungs isolated from the 
influence of skeletal muscle contractions, section of the vago-sym- 
pathetic nerves in the neck, destruction of the medulla, or hgation of 
the base of the lungs indueea immediaiely a permanent kypertonits or 
incomplete tetanus of the lung 7ieur<Hmu3Cidar mechanism (figs. 6, 8 and 
6). By pennanent, we refer, of course, only to the time of observation 
in these crucial experiments, that is, 2 hours. We foutd it difficult 
to maintain the preparation in good physiological condition over loi^r 
periods, especially with both lungs contracted down so that the lumen 
is completely oblttertited thus preventing lung ventilation. The circu- 
lation also fails gradually. 

The hypertonus of the lungs is usually at its maximum shortly after 
the isolation from the central nervous system, and there may be a 
gradual fall of the tonus during the observation period of 1 to 2 hours. 
This gradual fall is probably due to the failure of maintaining adequate 
circulation in the lungs, that is, to asphyxia. 

This remarkable lung reaction is obtained in all frogs in good physi- 
ological condition, and the better the condition of the frog the stronger 
the lung tetanus on sections of the vagi. In frogs in poor condition (in- 
fected, starved or moribund from any cause) destruction of the medulla 
or vagi section causes httle or no lung tetanus. In such preparations 
stimulation of the peripheral end of the cut vagi also fails to influence 
the lung tonus. Poor physiological conditions in the frog are evidently 
associated with lung atony, just as these conditions usually involve 
atony and absence of stomach rhythm in all si>ecies of animala so far 
studied. 

We have occasionally found preparations showing marked lung tonus 
before section of the vagi or destruction of the medulla, that is, a tonus 
greater than that of normal respiration. We are inclined to ascribe 
this-to the following causes: a, temporary depression of the medulla 
or nervous "shock" due to cutting the spinal cord, strong mechanical 
stimulation of many sensory nerves; b, direct mechanical injury to the 
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luDgs; c, partial asphyxia of tnedulls and lui^ from failure of the 
circulation (unavoidable hemorrhage, etc.)' In such preparations the 
section of the vagi or the destruction of the brain may cause a slight 
increase of the lung tonus (fig. 9). The lung of the bull frog passes 
into prolonged hypertonus on direct mechanical stimulation more read- 
ily than does the lung of the common grass frog (R. pipiens). 

In our most vigorous preparation the lung tetanus following iso- 
lation from the central nervous system is extreme, that is, all of the 
air is driven out of the lung cavity into the water manometer and the 
lung cavity is completely obhterated. Even the traces of mucus are 



Fig. 9. Water manometer record of the intrapulmonic pressure in the frog's 
lung, showing moderate tetanus or tonus of the lung on destruction of the brain. 
Spinal cord cut and pithed below the medulla; frog fixed on dorsal side, and lungs 
isolated Trom influence o! skeletal musculature. Cannula in tip of lungs; glottis 
closed by forceps, also shutting off air communication between the two lungs. 
Signal = crushing of brain with foreeps. Signal line — the zero line of water 
pressure for right lung (lower tracing). Time, 5 seconds. 

forced into the cannula in the tip of the lungs. The maximum intra- 
pulmonic pressure thus developed is from 6 to 10 cm. of water above 
the pressure existing during normal respiration, that is, a total pressure 
of from 7 to 12 cm. of water. This is not the maximiun pressure the 
lung totanus is capable of developing. . If the lungs are connected with 
amercury manometer so that some air still remains in the lung cavity, 
even under the maximum lung tetanus following vagi section, the 
intrapulmonic pressure rises to the surprising height of 20 to 40 mm. Hg. 
(25-50 cm. water). 

g. The nature of the peripheral lung tetanus. In most of our prepara- 
tions ihe water manometer tracings of the lung tonus following isolation 
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of the lungs from the central nervous system show a straight line 
indicating a continuous tonic or complete tetanic contraction (fig. 
9). The more vigorous preparations exhibit various types of rhythmic 
contractions superimposed on the continuous hypertonus, at least dur- 
ing the first 15 to 60 minutes foUowii^ the lung isolation. But even 
in these preparations the rhythm fuls before the complete failure of 
the tonic state of contraction in later stages of the record. It woiild 
thus seem that the appearance of rhythm on the hypertonic state of 
the lui^ is a question of physiolc^cal condition of the lung motor 
mechanism. 

The usual type of the rhythmic lung contractions is shown in figures 
6 uid 8, that is, a slow rhythm, the contraction and relaxation requiring 
2 to 3 minutes. In general, the more vigorous the preparation the 
more rapid the rhythmic contractions. In other preparations contrac- 
tions last only 20 to 30 seconds, and occasionally this faster rhythm 
may be superimposed on the slower rhythm (fig. 7), both rhythms being 
in turn superimposed on the continuous hypertonus. Whether these 
varying types of contractions involve different musculatures cannot be 
made out by the present method of experimentation. The continuous 
hypertonus as well as the strong slow rhythm seem to involve the whole 
lung. The more rapid rhythm is too feeble to be detected by direct 
inspection of the lung. Nothing that could be interpreted as peristaltic 
contractions similar to those exhibited by other visceral structures has 
BO far been noted by us, although our water manometer tracings of 
the lung hyi>ertonus as slow rhythmic contractions suggest many 
points of similarity to the contractions of the empty stomach as recorded 
by the balloon method. This may be of s^nificance in connection with 
the fact that the lung is a diverticulum from the foregut (esophagus). 

It appears that this striking lung tetanus or hj'pertonus following 
isolation of the lungs from the central nervous system has not been 
observed by previous investigators, evidently because none have sec- 
tioned the vagi after closing the glottis under conditions permitting 
recording the neuro-muscular tonus of the lungs. Several workers have 
studied the influence of vagi section on the external respiratory move- 
ments of the frog. Mochi states that the lungs remain permanently 
collapsed and empty when the medulla and vagi are left intact but all 
the brain anterior to the medulla removed. This is probably an error. 
LangendorS claims, at least, that the external respiratory movements 
persist after removal of the brain anterior to the medulla. According 
to Martin (16) and Mochi (17), (18), (19), stimulation of the optic 



,yGooglc 



Fig. 10. Water maaometer tracings of the intrapulmonic pressure io the frog 
(K. pipiens). Spioal cord cut and destroyed below medulla; lungs isolated and 
cannula fixed in tip of lungs. Glottis closed. 

A: Right lung .a, section of vago-sympathetic nerve; b, stimulation of periph- 
eral end of cut nerve with moderately etrang tetaniiing current. 

B: Left lung: left vago-sympathetic nerve sectioned. Stimulation of periph- 
eral end of cut nerve with weak, a, and strong, b, tetaniiing current. 

C: Left lung, after section of left vago-sympathetic stimulation of peripheral 
eadof cut nerve with very strong, a, and moderately strong, 6, tetaniiing current. 

D: Left lung, in very strong tonus after section of left vago-sympathetio 
n«rve. Stimulation of the peripheral end of the out nerve with weak, a, and 
strong, b, tetanising current. 

E: Upper tracing = left lung; lower tracing •= right lung. Signal - stimu- 
lation of the peripheral end of the cut nerves. Showing inhibitions of lung tonus 
and oontraotions on stimulation of the peripheral end of the vago-sympathetio 
nerve. 

72 
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lobes acoeleratee the respiratory movements. This m&y indicate a 
Bubsidiaiy respiratory center anterior to the medulla. At aiQ^ rate 
mere decerebration does not induce lung tetanus in our experience. 

Martin (16) states that destruction of the brain and spinal cord 
feaves the lui^s entirely empty of air, but he does not make out or 
recognize that this is due to a persistent lung tetanus. Babak (2) 
quotes a number of authors as having shown that after vagi section 
or lung extirpation the frt^s swallow air, periodically, into the stomach, 
and the air may actually escape by the cloaca. Berti and Marzemin 
(4) state that section of the vagi peripheral to the superior laryngeal 
branch results in irregular attempts at lung respiration on elevation 
of the temperature. Nikolides (20), (21) states that vagi section slows 
the respiratory movements making them at the same time irregular 
and stronger. Heinemann (9), one of the earliest observers, states 
that section of both vagi leads in the course of several days to such 
abnormal filling of the lungs that some of the viscera are pushed out 
through the cloaca. But when he opened the abdomen of these frogs 
the lungs were found collapsed or only partly filled. It is possible tliat 
Beinemann's. frogs actually swallowed dr into the stomach and intes- 
tines because of persistently constricted lunge. Soprana (24) states 
that v^otomized frogs breathe slower and deeper, but die more quickly 
from asphyxia on elevation of the temperature. According to Pari 
(22), the vogotomized frog is unable to fill the lungs, the lungs remain 
collapsed for weeks, and the air is forced into the stomach. It is pos- 
sible that Pari's permanently collapsed lungs were in reality in a con- 
stricted state. But the method of observation did not suffice to record 
the fact. 

It is certain that the force of thg air Bwallowing would foil to cause 
air to enter the lungs against the maximum state of limg contraction 
found by us after section of the vagi nerves. But we do not know 
how long this hypertonus persists in the surviving uiimal, as all our 
experiments to date have been crucial. And even if the hypertonus, 
tonus or tetanus remained as long as the frog, continued in good con- 
dition, failure of lung respiration may soon operate to place the frog 
below par in general, in which case there may be depression of the 
peripheral lung automatism already noted by us in animals in poor 
condition. The-process of physiological readjustment of the peripheral 
lung motor mechanism may also come into play, similar to the readjust- 
ment that gradually takes place in the case of the heart and the respir- 
atory center in the medulla after vagi section. 
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S. The action of the vagi and th£ cervical sympathetic nerves on the 
lung motor Tneckanism. a. The cervical sympathetic nerves. Section of 
the cervical sympathetic before its union with the va^s hae no eifect 
on the lung tonus (fig. 11), in marked contrast to the effects produced 
by section of the combined vago-sympathetic nerve. Electrical stimu- 
lation of the peripheral end of the cut cervical sympathetic causes 
shght contraction of the lung on the same side. It ia difficult to stimu- 
late the cervical sympathetic nerves, under the conditions of our experi- 
ments, and at the same time avoid escape of the current to the vagus 



Fig. II. Water manometer tracings of the intrapulmonic pressure in the frog's 
luQgB (R. pipiens). Frogs decerebrated, animals fixed on dorsal side, lungs iso- 
lated from influence of skeletal muscle contraction. Cannula in tip of lungs. 
Glottis closed. 

A: Upper tracing, left lung; lower, right lung, a, section right cervical sym- 
pathetic; b, section of right vagus; c, section of left cervical sympathetic; d, 
section of left vagus, 

B: Upper racing, left lung; lower, right lung, a, section of right cervical 
sympathetic nerve; signal, stimulation of peripheral end of right cervical sym- 
pathetic. In this preparation the left cervical sympathetic and both vagi were 

C: Record from left lung, showing lung contractions on .stimulation of the 
peripheral end of the cervical sympathetic nerve with strong tetanising current, 
the vagus being intact. 

Showing motor fibers to the lungs in the cervical sympathetic nerve, but no 
effect on lung tonus from section of these motor fibers. 
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ganglion, or to other sensory nerves, thus inducing reflex effects. Our 
usual technique was to section the lai^ brachial nerve close to the 
vertebral column, taking care not to injure the slender sympathetic 
trunk passing under it; also section the root of the hj^pc^lossal, and 
after again sectioning these nerves peripherally, handle the cervical 
sympathetic by the stump of the brachial to which it is attached. We 
also made it a point to apply the fine pointed electrodes to the cervical 
sympathetic trunk at least 3 mm. distant from the vagus root. But 
even with the beat of precautions escape of current to adjacent struc- 
tures could not always be prevented. And we are inclined to explain 
the bilateral lung effects produced by the stimidation of one sympa- 
thetic (fig. 11, B) as due to escape, and consequent reflexes. It is to 
he noted further that it requires relatively strong tetanizing currents 
applied to the sympathetic trunk to secure the lung contractions. 
Inhibitory effects on the lung were never obtained from the cervical 
sympathetic nerves. 

Our conclusion is that the cervical sympathetic trunk carries motor 
{but no inhibitory) fibers to the lungs via the vagi. Under the con- 
ditions of our experiments the section of these motor fibers has no effect 
on the lung tonus, showing that this motor mechanism is not in tonic 
activity, and that the section of the nerves is not a sufficient stimulus 
for even a transient contraction. 

b. The vagi nerves. We have seen that section of the vagus induces 
permanent hypertonus in the lung of the same side. Stimulation of 
the peripheral end of the cut vagus with a tetanizing current causes 
an inhibition of this tonus followed by a return to the former state. 
The vagus stimulation is thus able to completely abolish (temporarily) 
the tonus induced by the vagi section. In the preparations showing 
no lung hypertonus on vagi section owing to peripheral lung atony 
vagus stimulation usually causes no lung inhibition. 

In several Buch preparations we observed that the vagi also failed 
to influence the heart rhythm. We can state that the failure of the 
vagi to act in the normal manner on the lungs and heart in these prepa- 
rations was not due to mechanical injury to the vagi or to the heart 
and lui^s. The a^nificance of this coincidence requires further in- 
vestigation. It is well known to laboratory workers in physiology that 
one frequently encounters frogs in which the vagi stimulation fails to 
influence the heart. This inhibitory action of the vagus on the lung 
is obtained with the minimum and up to relatively strong tetanising 
currents. The stroi^r stimuli produce at timeB motor after-effects, 
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and very Htroi^ tctamzing curreDte may produce contraction only or 
a brief initial contraction followed by inhibition. This latter result 
was obtained by strong stimuli, especially in preparations showing 
less than the maximum lung tonus following vagus section. 

Stimulation of the peripheral vagus inhibits not only the tonus but 
also the spontaneous rhythmic contractions that may be superimposed 
on the lui^ hypertonus following isolation from the central nervous 
■ system (fig. 10, E). 

It is thus clear that the vagi and the cervical sympathetic serves 
in the frog bear the same physiologic^ relations to the lungs as they 
do to the heart, that is, motor fibers in the latter and inhibitory fibers 
in the former to both organs. We shall show later in the section on 
the action of drugs on the lungs, that some of the motor fibers to the 
lungs are true vagi fibers, and do not belong to the cervical sympathetic 
complex. 

4- The peripheral lung automatism. We are now in position to ajialyze 
more definitely the origin of the motor hypertonus of the lungs after 
vf^ section. It is not due to temporary stimulation of motor fibers. 
We have shown that section of the sympathetic nerve fibers has no 
effect. There are some motor fibers to the lungs of pure vagus origin. 
But cutting of these fibers produces no effect on the lungs, after previous 
paralysis of the inhibitory vagi fibers by large doses of nicotme. It is 
not due to mechanical trauma to the lungs. Ligation of the base of 
the lung may induce lung tetanus by direct trauma or by asphyxia, 
lung circulation being cut off. But stopping the circulation by excising 
. the heart does not cause lung tetanus, and section of the vagi is done 
without touching the lungs or the adjacent structures. Moreover, the 
indirect mechanical disturbance of the pharynx and the base of the 
lungs is much greater from isolation of the vagi or the cervical sympa- 
thetic nerves, and these latter procedures do not bring on lung tetanus. 
The lung hypertonus is not an asphyxia phenomenon. Excessive lung 
ventilation, normal or artificial, will not prevent or abort it, if the vagi 
are sectioned or the brain destroyed. The lung hypermotility is not 
a temporary motor reflex state induced via the medulla by the powerful 
afferent impulses induced by the extensive operative trauma, for the 
lung is found collapsed and maximally contracted in frc^ with the 
brain destroyed, without previous operative injury of. any kind, and 
we know of no other reflex state that may persist for hours after lesion 
of the reflex path. It is not unhkely, however, that any condition 
inducing a peripheral lung hypertonus of a degree interfering with the 
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respiratory functions of the lungs would augment the inhibitory action 
of the medulla on the limgs, probably through sensory fibers from the 
pulmonary branches of the vagi, a mechanism analogous to that of 
the depressor nerves and the cardio-inhibitory center. 

In the experiments with pithing the medulla we at times obtained 
a slight temporary inhibition of the lung tonus prior to the typical 
lung tetanus. The temporary inhibition is evidently due to a transient 
stimulation of the medulla inhibitory center by the act of destruction. 
It is not probable that the subsequent lung hypertonus is due to a 
more lasting traumatic stimulation of the motor fibers, analpgouB to the 
effect produced on the heart by strong stimulation of the two sets 
of fibers in the vagi nerve trunks. This possibility is disproved by the 
fact that nicotine paralyzes the lung inhibitory nerve mechanism, leavii^ 
the motor nerve mechanism intact, and nicotine causes a lung tetanus 
which is not augmented by subsequent destruction of the medulla or 
section of the va^p. 

Hence we must conclude that in the frog the vagi inhibitory fibers 
to the lungs are in constant or tonic activity, holding the peripheral 
motor automatism in check, and that on removal of this check the 
lungs go into a persistent tetanus or hypertonus. In other words, the 
lungs of the frog behave like the heart of many species of ftnimalH on 
section of the vagi; the heart beats faster, the lungs become hypertonic 
to a degree that nullifies their function. 

These observations place the lung of the frog in the same cat^ory 
as the heart and the aUmentary tract as regards independent peripheral 
motor automatism. In all these structures we have the same motor 
tissues, viz., nerve cells, nerve plexuses and musculature. We are 
therefore confronted by the same problems as regards the nature of 
the mechanism of the lung automatism that have engaged the attention 
of the physiologists in connection with the heart and the gut. A 
question of equal importance is the persistence or modification of this 
primitive lung automatism, in health and disease, in other groups of 
lunged animals. 

CHANGES IN INTRAPULMONIC PBBSSXmB AS A KBatTLT OT THE 
STmnLATION OF VARIOUS AFPEBENT NHBVBS 

No investigations have been made on reflexes into the lung muscula- 
ture. Most of the previous workers have been engaged in a study of 
the external respiratory phenomena of the frog. WendensH (26) noted 
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"expiratory tetany" following weak stimulation of sensory fibers in 
the vagi. His method as well as that of other workers was not designed 
to note actual contractions of the lung itself, since in every case previous 
experimenters worked with an open glottis. However, tracings 15 and 
16 of this article, taken from doubly vagotomized frogs, show very 
slight inspiratory and expiratory excursions of the flanks and long 
tonus variations obviously due to the strong tonus of the lung and the 
tonus contractions in the lung as seen by us. 

Sensory stimulation of any sort, be it electrical or mechanical, has 
a powerful effect on the external respiration of the frog by either reduc- 
ing the intrapulmonic pressure by reflex opening of the glottis, or if 
the latter Is closed by hemostat or pressure by vaselinized cotton at the 
time of application of stimulus, by reflex lung contraction which will 
cause the intrapulmonic pressure to rise. 

Figure 12 A shows at X the sudden opening of the glottis in de- 
cerebrated bull frog, holding air under considerable pressure, followii^ 
gentle stroking of the skin of the hmd leg. The first part of the tracii^ 
shows voluntary respirations (swallowing of air) with maintenance of 
high intrapulmonic pressure. The prompt collapse of the lung is fol- 
lowed immediately by marked respiratory effects which raised the intra- 
pulmonic pressure to its original level. Stimulation of the skin in 
uiother preparation similarly prepared (fig. 12 C) not only increased 
the volume of the respiratory gulps, which were occurring regularly 
and continuously prior to the stimulation, but induced the animal in 
every instance to fill the lungs to the maximum capacity in the fashion 
described in the second section of this paper. 

Figure 12 B shows a similar collapse of the lungs in Rana pipiens due 
to opening of the glottis following electrical stimulation of the urinary 
bladder with a moderately strong tetanizing current. 

Tracing D, figure 12, was obtained from a frc^ with brain intact. In 
this uiimal the simple approach of the finger or person at a led to 
collapBed lung followed by more or less marked efforts at refilling. 

In all tracings reproduced in figure 12 the glottis was open. These 
preparations, therefore, were not favorable for a study of the pulmonary 
activity itself (lung contractions or inhibitions) following the stimu- 
lation of various afferent nerves. In order to maintain the volume of 
air constant we closed the glottis by a mosquito forceps or vaselinized 
cotton and raised the intrapulmonary pressure to a point maintained 
by the animal under normal conditions and then noted the effect of the 
stimulation of the afferent nerves. 
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The ligation of tlie vagua on one side (mechaoical stimulation) in 
many instances induced reflex contraction of the opposite lung. In 
the present state of our knowledge it is impossible to sta.t6 whether 
record of such a contraction as shown in ^ure 13 A at X is due to reflex 
stimulation of the lung through the motor fibers of the vagus or due 
to a temporary inhibition of the tonic inhibitory control over the lung 
via the vagi, leaving the peripheral automatic mechanism in the lung 
unchecked. A possible answer to this question might be obtained by 
noting the effect of such stimulation in animalB in which the tonic 
inhibitory mechanism has been previously paralyzed by nicotine. If 
under these conditions stimulation of the sensory nerves yields the 
same results the recorded contraction is the result, not of a temporary 
inhibition of the tonic inhibitory mechanism, but due to the reflex 
stimulation of the pulmonary motor fibers through the vagi (and sympa- 
thetics). Consideration of the law of reciprocal innervation would 
suggest that under normal conditions both mechanisms are involved 
in the phenomenon whose graphic record is that of a rise in intrapul- 
monic pressure. 

Irrespective of the mechanism or mechanisms involved in ultimately 
effecting contractions of the lungs, we can confidently say that stimu- 
lation of the skin of the upper mandible, mild mechanical irritation of 
the anterior nares, mechanical stimulation of the bladder and cloaca, or 
electrical stimulation of the luinuy bladder, mesentery, small intestine, 
pyloric end of stomach, esophagus and central end of the brachit^ nerve 
effect reflex contractions of the limg. These jroints are shown indi- 
vidually in figure 13 and figure 14, which with the accompanying 
l^ends are self-explanatory. The mode of preparation of the animaJs 
used in both series is virtually the same with this exception: In the 
preparations, records of which are illustrated in figure 13, the glottis 
was clamped by means of a mosquito forceps; in the tracings reproduced 
in figure 14 the glottis was kept occluded by pressing over it by a piece 
of vaselinized cotton. 

Of these records two deserve particular attention. In figure 13, X>, 
is recorded the powerful reflex lung contractions obtained by closure of 
the glottis by a hemostat. A decided inhibition preceded the coz^- 
traction. 

Tracing E in the same ^uie shows tm unusually strong refltn con- 
traction of both lungs as a result of crushing the skin of the lover 
mandible. ' 
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In this series of experiments stimulation of the fundic end of the 
st(Knach(fig. 14, D, "c") with the electrical current yielded no reflex (xm- 
traction of the lung at a time when stimulation of the pyloric end of 
the stomach and cardiap region of the esophs^us with the same strength 
of current gave uniformly striking results. 




Fig. 14. Water manometer tracings of the intrapulmonic pressure is the frog's 
tung, ahoning reflex contractions of the lung muacul&ture. Frogs decerebrated. 
Abdomen opened, lungs isolated from influence of skeletal muscle contractioQH. 
Cannula in tip of lungs, and glottis closed with a plug of vaselined cotton pushed 
into the pharynx. 

A: a, mecbaDical stimulation (stroking) skin of hind legl h, pinching toes of 
hind leg. 

B: a, mechanical stimulation of urinary bladder; b, electrical stimulation of 
urinary bladder; c, mechanical stimulation of cloaca. 

C: Electrical stimulation; a, large intestine; b, mesentery; c, smalt intestiDe. 

D: Electrical stimulation; a, small intestine; h, pyloric end of itomach; e, 
fundus of stomach; d, esophagus (cardiac region). 

B: a, electrical stimulation of central end of brachial nerve plexus. X, 
spoDtaneoua respiration (quick up stroke). 
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In a summarising sentence we might therefore state that the stimu- 
Ifttion of every sensory nerve (afferent visceral or cutaneous) gives rise 
refiexly to lung contractions. 

THE ACTION OF CEBTAIN DRUGS ON THE MOTOR HECHANIBH OF THE LUNG 

Our interest in the action of drugs on the neuro-muscular mechanism 
of frog's lung had its inception during our study of the physiological 
action of the v^us on the lung musculature following electrical stimu- 
lation of the nerve. Such stimulation gave at outset variable results 
until we noted that the effects depended to some extent on the strength 
of the tetanizing current employed, aa noted above. At any rate, 
we had good reason to suspect that the vagus carried both motor and 
inhibitory fibers to the lung motor mechanism. At thia juncture it 
occurred to us that the use of drugs might be helpful in clarifying the 
situation. 

Nicotine. Mindful of the action of nicotine in abolishing the in- 
hibitory effect of vagus stunulation on the heart without affecting the 
motor action, we assumed that the drug might act similarly with respect 
to the inhibitory fibers in the vagus to the lung. If thia were so, elec- 
trical stimulation of the vagus following the injection of nicotine might 
give clearer evidence of motor fibers in this nerve than before nicotini- 
zation. Since, furthermore, the paralysis of the ganglion cells in the 
course of the inhibitory fibers to the heart effected by this drug is 
preceded most commonly by stimulation, the same effect might be 
anticipated in the case of the inhibitorj' fibers to the lungs. If this 
were true nicotine ought to cause, on injection, an inhibition similar 
to, if not identical with, the inhibition of the heart commonly observed 
as the marked effect of stimulation of the vagus before the injection 
of the drug, especially if the tonic central inhibitory control exercised 
over the lungs via the vagi had been abolished by either sectioning of 
the nerves or destruction of the medulla. 

The results obtained exceeded our expectations. Inspection of figure 
15 (at g) shows that 1 mgm. nicotine when intravenously injected effects 
a pulmonary inhibition in the lungs released from the tonic inhibitory 
influence of vagus by section of these nerves (at a and b) which compares 
favorably with the inhibition obtained by previously stimulating the 
nerves with a tetanizing current of moderate intensity (seee and/). 

If, on the other hand, the nicotine is injected intravenously in an 
animal following ligation and section of but one vagus, as in figure 16, 
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the immediste effect on the lungs is an inhibition of the tonus of the 
lung which has been denervated, and an escape from the tonic inhibitory 
influence exercised by the vagus on the lung which is still connected 
with its center, as at c, where the left lung (upper tracing) shows a rise 
in tonus occurring in the course of an inhibiton of the right lung, the 
latter comparing favorably with the inhibition effected by previous 
stimulation of the vagus (b). In this experiment the left v^us has 
been cut physiologically by the drug. If at the time of this drug cutting 
the vagus through central action is exercising its maximum inhibition 
on the lung, the effect of the primary stimulating action of the drug 
would not appear since the limg at the time of drug stimulation is 
already under maximum inhibitory control. As a matter of fact, in 
the majority of preparations this is apparently the case, the drug nico- 
tine simply releasing the peripheral automatic mechanism from the 
maximtim .tonic inhibitory effect of the center through the vagus. 
This release is certainly complete for section of the vagus to this lung 
is without further effect on its tonus. This latter fact would further- 
more indicate that the more or less prompt rise of tntrapulmonary 
pressure following section of the vagus without nicotine was due, not 
to the mechanical stimulation of the motor fibers contained in this 
nerve, but to the removal of the tonic inhibitory control. Itiat the 
vagus nerve contains such motor fibers can be shown very satisfactorily 
in any preparation that has been nicotinized. In figure 16 electrical 
stimulation of the nerves after nicotine (as at g, right vagus, and h, 
left vagus) gives now marked contraction of the lung instead oi the 
usual inhibition before nicotine (b). 

Figure 17, A, is offered as another example of this phenomenon. 
Following the release of the left lung from tonic inhibitory control 
exercised over it through central vagal control by section of the left 
vagus at a, 2 mgm. nicotine were injected at b with the result that the 
right lui^ was now released from its inhibition by the "cutting" action 
of the drug and the left lung was inhibited by the primary stimulation 
action of the drug on the inhibitory mechanism of the left lung. Figure 
17, B, shows the change in effect as a result of electrical stimulation 
of the vagus nerve following the injection of nicotine. In this experi- 
ment stimulation of the vagus at b caused pronounced inhibition. Tim 
injection of nicotine at c was followed by the usual inhibition in the 
lung which has been released from the tonic inhibitory control by 
section of the nerve at a. Subsequent, however, to this nicotinization, 
electrical stimulation at d caused marked contraction of the lung instead 
of inhibition. 
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The resulta are uniformly clear-cut and decisive. By means of this 
drug nicotine it is poeuble to differentiate between two types of efferent 
pulmonary fibers occurring in the vagus, i.e., inhibitory fibers and motor 
fibers. The former exercise in the normal frog a powerful inhibitory 
control over the lung and are either more numerous or more readily 
susceptible to electrical stimulation than the motor fibers. It is only 
after the abolition of the inhibitory control of the lung by nicotine that 



Fig. 17. W&ter manometer traciogs of the intrapulmonic pressure in the fros 
(R. pipiens). Spinal cord cut and destroyed below the medulla. Glottis closed. 
Cannula in tip of lungs. Lunga isolated from influence by skeletal musculature. 

A: Lower tracing, right lung; upper, left lung, a, Ligation of left vagus; b, 
injection of 2 mgm. nicotine in 10 cc. Ringer's solution into abdominal rein. 
Showing abolition of the tonic vagus inhibition of the lung neuro-muscular mech- 
anism by nicotine. 

B: Tracing from right lung, a. Ligation of right vagus; b, stimulation of 
peripheral end of right vagus with weak tetanixing current; c, injection of 2 
mgm. nicotine in 10 cc. Ringer's solution into abdominal vein; d, stimulation of 
peripheral end of right vagus with same strength of tetanizing current as at b. 
Showing inhibition of lung tonus and paralysis of the vagi inhibitory fiben by 
nicotine. 

C: Tracing from left lung, a, Injection of 5 mgm. nicotine inScc. of Ringer's 
solution into the heart; b, injection of 1 cc. I-IOOO histamine into the heart. 
Showing stimulation of the lung by large doses of nicotine and stimulation by 
histamine after paralysis of the inhibitory nerves by nicotine. 
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electrical stimulation yields a more or less marked motor effect. Nor 
are tlieee motor fibers of sympathetic origin running in the trunk of 
the vagus; for, granting the presence of some motor fibers in this nerve 
to the lung, the motor response on stimulation of the sympathetic 
after nicotine is smaller in a given animal than the response frcoa the 
vagus itself, as noted earlier in the paper. In short, the vs^^s nerve 
contains two sets of fibers to the pulmonary motor mechanism of which 
the inhibitory exerts a tonic pred<Hninant control; the motor fibers are 
apparently not in a stale of tonic activity for sectioning of the vagus 
after cutting the inhibitory fibers in this nerve by nicotine has no further 
effect on the intrapulmonic pressure. It would appear oa the baaia 
of our pharmacological studies that the inhibitory fibers of the vagus 
have interpolated in their course to the automatic tissues nerve cells 
on which the drug acts; the motor fibers on the other hfmd run directly 
to the automatic tissue. 

Large dotes of nicotine. Whereas the constant effect of the intrave- 
nous injection of small doeea (2 mgm.) of nicotine in the previously 
denervated lung (by vagotomy) is inhibition, injection of large doBes 
(5 mgm. or more) causes pronounced contraction of the lung. Tiaa 
is well shown in figure 17, C, where the injection of 5 mgm. caused more 
or less abrupt contraction followed by slow relaxation. It is probable 
that the nicotine in this dosage acts as a direct stimulant to the smooth 



Atropine. This drug, even when given in lai^ doses, does not para- 
lyze the endings of the inhibitory fibers to the lungs as it paralyzes 
the cardio-inhibitory nerve endings. Figure 18, A, ia a tracing from 
a frog which had received 1 cc. of a 0.1 per cent solution of atropine 
sulfate 45 minutes previous to experimentation. Pithing of the brain 
at a was followed by the typical escape of the lung from tonic central 
inhibitory control. The failure of atropine to paralyze the inhibitory 
nerve ending in the lung is shown further by the fact that even mechani- 
cal stimulation of the nerve at b gave powerful inhibition, as did elec- 
trical stimulation at c. As an after-effect of mechanical or electrical 
stimulation of the nerve there were pronounced motor effects. The 
results obtained from the right lung of another frog were somewhat 
different. Here (fig. 17, B) ligation of the vagus caused the usual 
escape of the lung from the inhibition. On the other hand, mechanical 
stinnilation due to handling of the vagus nerve (at b) was followed by 
contraction. Stimulation of this nerve at c with a mild tetanizing 
current was in this instance followed by contraction instead of the 
usual inhibition. 
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To meet the objection that in these cases the dosage was too small 
and that the effects of the drug had worn off before experimentation 
was begmi, we prepared another frog as follows: After decerebration, 
insertion of the cannula into the tips of both lungs, and clamping of 
the glottis, we sectioned the left vagus and obtained the usual escape 
of the lung from the tonic central inhibition control. Stimulation of 
this nerve gave the usual inhibition. The intravenous injection of ) 
mgm. atropine did not effect the result of stimulation of the vagus. 
We now injected within 1 hour's time in successive doses, 1, 2 and 4 
mgm. atropine sulphate. These injections did not change the usual 
reaction obtained from stimulation of the peripheral vagus. Following 
the injection of the last 4 mgm., the right lung escaped from central 
inhibitory control in a manner indistinguishable from section of its 
vagus nerve. Apparently this huge dose of atropine paralyzed the 
center, for section of the right vagus was without further effect. Stimu- 
lation of its peripheral end, however, yielded even now inhibition fol- 
lowed by contraction of the lung, indicating that the chief action on 
the lung of atropine in huge doses is not peripheral. Since decided 
motor after-effects result from stimulation of vagus to the lui^ in a 
heavily atropinized frog, we might conclude that the drug likewise 
has tome effect in paralyzing the inhibitory nerve endings unless we 
assume that it sensitizes the motor nerve endings in the vagus. At 
any rate the peripheral action of atropine and nicotine are quantita- 
tively decidedly different if one compares the dosage in milligrams and 
the results effected thereby. 

Both drugs paralyze the center and likewise act on the peripheral 
mechanism. Nicotine accomplishes both results quickly and deciavely 
in smaller doses, while atropine acts on the center only in large doses- 
and only renders paretic the inhibitory terminations of the vagus. 
The frog is apparently quite tolerant to atropine. Ei^t milligrams 
injected intravenously into a decerebrated frog at one tune suspends 
external re^iration promptly (as does 1 mgm. of nicotine). Ex- 
unination of the lungs shows them contracted. But almost complete 
recovery sets in within an hour and at this time the lungs assume their 
normd size and function. 

Atropine in this dosage does not paralyze the tenninale of the in- 
hibitory fibers of the lui^ as it does the vagal nerve endings in the 
heart. In all of these atropinized preparations stimulation of the vagus 
nerve was without effect on the heart. 
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Adrenalin. In the fn^ the irrigatioa of the lui^ itself or mjection 
of adrenalin chloride into the circulation causes inhibition of the auto- 
matic quick rhythm of the lungs which appears spontaneously as noted 
in a previous section of this paper or inhibits the hjipertonic aCtivitj' 
of the lui^ following section of the vagu'^.' 'As illustrations of 'thi^ 
effect of adrenalin we offer figure 19, A and B. The former traciii^ 
shows inhibition of the quick rhythm when adrenalin was applied to tb6 
lung directly at X; the latter, inhibition of the hypertonic state of IMe 
lung following vagotomy. 



H 



FiE- 10. Water manometer trsicingB of tbe intrapulmonic pressure in the fr<aj^ 
(R. pipiena). Spin&l cord cut and destroyed b^low medulla. Cannula in tip 
of lungB. Vagi nerves out, and lungs isolated from influence of skeletal ptUBole 
eontractioa. ^ 

A: X, application of tV cc. adrenalin chloride (1-1000) in Ringer's solution to 
surface of lung. 

B: X, injection of ft cc. adrenalin chloride in 2 cc. Ribger's solution bto tb> 
heut. 

C: Upper tracing, left lung; lower tracing, ri|^t lung. Intravenous injectioaa 
of histamine in 2 cc. Ringer's solution; a, 0.01 cc; b, 0.(S cc; c, COS cc t-lOOO 
histamine hydrochloride. 

Showing inhibition of lung tonus by epinephrin and stimulation by histamisi^ 

Hiatamine. Figure 19, C, and figure 17, C at h show the effect -^if 
histamine-HCl on the neuronnuscular ^tparatus of the lui^ mYnek 
injected intravenously in varying concentrations. In moderately smaK 
or large doses it causes invariably a sUght contraction of the long which 
in ampUtude beu^ no relationship to the dosage. Our experience^ las 
a matter of fact, leads us to believe that successive doses of th'ti drug 
given within a relatively short period of time have less and l^ss ^feet 
because, possibly, of the cumulative poisonous property of this drug. 
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1. The actual respiratory movementa (opening of glottis and swal- 
lowing of air) are accompanied by relaxation of the tonus of the lung 
musculature, due either to greater action of the inhibitory fibers in 
the vagi or central inhibition of the motor nerve mechanism, on the 
assumption that the latter is in tonic activity. This inhibition occurs 
during the respiratory movements even when no air can enter or leave 
the lungs. It is therefore of central origin, an effect coordinated with 
the true respiratory act. From the point of view of. utility the in- 
hibition may be designated as a "receptive relaxation." The buccal 
movements that go on during the period between actual air swallowing 
do not seem to influence the lung tonus. 

2. At the end of the respiratory act there is an active contraction of 
the lung musculature, after a latent period of 5 to 6 seconds. This 
contraction is of variable duration (10 to 20 seconds) depending on 
the respiratory rate and the condition of the lUngs. The Qontractitm 
is usually followed by a gradual tonus relaxation up to the next respir- 
atory act. Occasionally this gradual tonus relaxation is absent. 
These active lung contractions are best seen during the pause of the 
Cheyne-Stokes type of breathing, which appears to be normal for the 
frog. The contraction is cut short by the next swallowing act, so that 
when the animal is breathing rapidly, the active Iimg contractions are 
not in evidence, the Im^ musculature being in a continuous state of 
"receptive relaxation." The active lung contractions following a 
respiratory act can be accounted for by a lowering of the inhibitory 
influence, thus permitting the peripheral automatism to come into 
greater play. We have not been able to detennine whether motor 
innervation via vagi and sympathetic nerves also play a r61e as con- 
-tractions follow the respiratory act even when no air enters or leaves 
the lungs. It is not a reflex initiated by the stimulation of pulmonary 
sensory fibers through lung distention. It is probably entirely central 
in origin and referable to the respiratory center, the inspiratory dis- 
charge of this center having the immediate effect of a temporary stimu- 
lation of the inhibitory mechanism for the lung tonus, the lung con- 
traction of the end of the inspiration merely signifying excess back 
awing of the central inhibitory control on its return to the more or less 
constant level. 

3. Section of the cervical sympathetic fibers has no effect on the 
InDg tonus but stimulation of these fibers before they join the vt^ 
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nerves causes lui^ contractions. The cervical sympathetic nerves 
contain a few motor fibers, but no inhibitory fibers to the lungs. These 
motor fibers in the sympathetic do not appear to be in tonic activity, 
but our experiments on this point are not final. 

4. Section of the vagi nerves or destruction of the medulla causes 
a permanent hypertonus or incomplete tetanus of the lungs. This 
is due to removal of a tonic inhibitory check on the peripheral lung 
motor mechanism (peripheral neuro-^nuscular automatism). Ligation 
of the pulmonary branches of the vagi produces the same effect. The 
only part of the central nervous system necessary for this tonic 
inhibitory control is the medulla. Section and destruction of the entire 
spinal cord below the medulla has no permanent effect on the tonus 
mechanism. Decerebration has likewise no permanent effect on it. 
Destruction of the midbrain causes a temporary diminution of the 
lung inhibition probably through a "dhock" state of the medulla. The 
afferent aspect of this tonic lung inhibition requires further study. 
The most important afferent pathway is probably the pulmonary 
branches of the vagi. 

The contractions of the lui^ following vagi section are powerful 
enough to develop a pressure of from 20 to 40 mm. Hg., and if the 
glottis is not artificially closed all the air in the lung cavity is forced 
out, the lungs contract down to a solid mass and are thus rendered 
useless as organs of respiration. All our data on this point are those 
of acute experiments lasting only 2 to 3 hours. The possible readjust- 
ment of this peripheral lung automatism to meet the needs of the 
animal after double vagotomy is being investigated by long time 
experiments. 

5. Stimulation of the peripheral end of the vagi inhibits the lung 
tonus induced by vagi section. Strong tetanizing currents ^iplied to 
the peripheral vagus trunk usually cause strong contractions followii^ 
the primary inhibition. Nicotine paralyzes the lung inhibitory fibers 
of the vagi apparently without injiuy to the motor fibers, so that after 
nicotine vagus stimulation causes lung contractions only. Tliese con- 
tractions are stronger than can be caused by stimulation of the cervical 
sympathetic nerve. Hence, on the basis of the usual interpretation 
of nervous action, the vagi carry both inhibitory and motor fibers to 
the lungs, the former predominating and being tonically active like 
the cardio-inhibitory mechanism in many animals. 

By stimiilation of the peripheral end of the vagus we have so far 
failed to cause a greater tonus relaxation in the lungs than that which 
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existed before vagi section. This means either that the tonie vagi- 
inhibitory action is ordinarily maximal, or that the simultaneous Btimu-, 
lation of the motor fibers in the vagi trunks neutralizes a part of the 
inhibitory effects. 

The efTerent actions of the vagi and the cervical sympathetic nerves 
on the lungs are unilateral. Only occasionally have we seen effects 
on the lung of the opposite, in case of sympathetic stimulation. This 
was probably due to escape of current, and not to actual nerve crossing. 

6. Reflex contraction of the lungs are induced by the stimulation 
of the Cerent fibers in the vagi, by stimulation of the cutaneous nerves, 
the sensory fibers in the nares and the cornea, and the sensory fibers 
in the visceral organs. These lung reflexes could be brought about 
either by augmented action of the motor nerve mechanism or by de- 
pression of the tonic inhibitory mechanism. On the basis of the usual 
conceptions of reciprocal innervation both factors are probably involved. 
It is thus clear that practically all afferent nerves have reflex connection 
with the medullary nuclei controlling the lung tonus and contractions. 

7. As stated above, it is possible to differentiate between the motor 
and inhibitory fibers in the vagus trunk by means of nicotine. This 
drug in moderate doses (2 mgm.) paralyzes not only the respiratory 
center but also the peripheral inhibitory mechanism so that subsequent 
stimulation of the vagus causes more or less powerftil lung contractions 
in place of the usual inhibition resulting from stimulation of this nerve 
before nicotinisation. If nicotine is injected in a frog that has suffered 
bilateral vagot<Nny with the usual escape of the tonic inhibitory control 
of the corresponding lung, nicotjne effects a marked inhibition of this 
lung and after a slight interval an escape fnon central control of tbe 
other lung. The escf^ of the one lung does not occur until the primary 
and temporuy inhibition (stimulation) of the peripheral mechanism 
in the other is about over. This probably means that the lung still 
connected with the center before nicotinizatjon is under maximal 
central inhibitory control since the drug in tiiis instance produces no 
primary inhibition. Injection of nicotine in any case destroys the 
central tonic inhibitory control of the lungs umilar to destructiim of 
the medulla or double vagotomy. In large doses nicotine causes ctm- 
traction of the lung musculature probably by direct stimulation of the 
muscular elements. 

8. Atropine in doses large enough to paralyze the cardio-inhibitory 
fibers of the vagus has no effect on the terminations of inhibitory fibers 
in the lungs. In fact, even huge intravenous doses (8 mgm.) do not 
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completely paralyze these terminations. Such doses paralyze chiefly 
the medullary centers which send out the inhibitory impulses. As 
a result the lungs contract. But even this center recovers within an 
hour and again assumes its tonic inhibitory control over the lungs. 

9. Histamine in small or lai^ doses (0.01 to 0.07 cc. 1:1000 sol.) 
caiises temporary contraction of the lung musculature. 

10. Epiuephrin inhibits both the peripheral automatic tonus and the 
peripheral automatic rhythm if one is present. 
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A. BBTIBW OP THE LirBRATUBE ON VEIfOVS BLOOD PRESSDBB 

ReguUUion <^ vetuma preamre by: 1. Peripherai reaiatanix. Xt is usu- 
al^ stated that, in general, increased peripheral Tesistance (in the 
arterioles) — other things being equal — causes a rise in arterial pressure 
and a fall in venous pressure and that decreased resistance has the 
opposite effect. 

Bellas and Starling (7) and Plumier (61) advance the idea that an 
increased peripheral resistance caused hy vasoconstriction decreases 
the c^Mcity of the vascular system and tends to cause a rise of pres- 
sure in all parts of the system. What change will occur in the venous 
preseure will depend upon whether the influence of ihe decreased flow 
fnHn arteries to veins causing a fall, or the decreased capacity of the 
SS^stan causing a rise, predominates. The opposite state of affairs 
holds in case of decreased peripheral resistance. Sometimes the tend- 
ency for the venous pressure to rise is exactly counter-balanced by the 
tendency to fall. Bayliss and Starling (7) cite, as an illustration, the 
absence of venous pressure chaise when vasomotor paralyBia has been 
induced by section of the cord just above the flrst thoracic segment, 
numier (61) also illiiBtrates this point. He flnds no change in venous 
pressure after weak or strong stimulation of the central stump of the 
vagus, both va^ being sectioned. In the case of weak stimulaticn, 
vasodilatation was produced while strong stimulation produced vaao- 
constriction. In each case, however, the influence of the peripheral 
resistance on the venous pressure was balanced by the opposite influence 
of the change in the capacity of the system. 

According to Bayliss and Starling (7), sometimea the venous pree- 
8ure>raising factor in vasoconstriction of the arterioles predominates, as 
when the splanchnics are directly stimulated or the vasomotor center 
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IB stamulated by asphyxifi. The objectioiifi, as advanced by HiU and 
Barnard (37) and numier (61), to attributing this rise in venous pres- 
sure to decreased capacity of the vascular system will be discussed 
later. 

S. Heart rate, l^e authors mentioned above (Bayliss and Starlii^, 
and Plumier) state that a rise in venous pressure is obtained when 
the heart slows or stops beating because there is a tendency toward 
equalization of pressure throughout the ^stem, resulting in a fall in 
arterial and a rise in venous pressure due to the elasticity of the arteries 
forcii^ more blood into the veins. Usually in a slowly beating heart 
the output per minute decreases and hence the heart does not pump 
into the aorta per unit of time as much as it did before, thus causing a 
back pressure in the pulmonary veins, which eventually affects the 
light heart and causes a rise in the vena cava pressure. This would 
be true especially when there was an increased resistance to the blood- 
flow in the arteries, as in vasoconstriction. 

B^lisa and Starling (7) consider that most of tJbe rise of venous 
pressure after peripheral stimulation of the vagus is due to the de- 
creased capacity of the system which comes as a result of the anemic 
stimulation of the vasomotor center following the low arterial pres- 
sure brought about by such stimulation. Their proof of this is that 
only a slight rise is occasioned by stimulation of the vagus when either 
the cord or the splanchnics are cut. Flumier (61) has a different ex- 
planation for this. He considers the slowing of the heart of primary 
importance and the vasoconstriction of secondary. He says that 
cutting the cord or splanchnics causes such a marked vasodilatation 
(arterial pressure in one of BiQ'^hss and Starhng's experiments fell from 
120 mm. to 60 mm. Hg.) that tendency toward equalization of pres- 
sures cannot show the effect that it would, if the conditions of the 
vascular system were normal. Tbia point is perhaps brought out mora 
clearly by considering what changes take place in the vascular system 
under asphyxia, produced by removal of artificial respiration in an 
animal whose chest has been opened. Bayliss and Starling offer an 
explanation for this rise in venous pressure, similar to that given in 
connection with vagus stimulation. Plumier (61) attempts to prove 
his point that vasoconstriction is of only secondary importance, by 
comparing the effect of asphyxia before and after section of the vagi, 
^tb vagi intact the arterial pressure rises only slightly but the heart 
beat soon becomes very slow, and coincident with this slowing the 
Tenotis pressure in the inferior vena cava and t^e external jugular rises 
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markedly. As soon as artifidal respiration is renewed and the heart 
beats faster, the venous pressure falls. In the experiment when both 
vagi are cut, the arterial pressure rises, due to vaaoconstrictioTi, but 
the venous pressure remains unchanged, imtil (100 seconds after the 
banning of asphyxia) the heart becomes paralysed and consequently 
slows, and the blood pressure falls. At this time the venous pressure 
rises. Furtiiermore, after artificial respiration has been renewed, the 
arterial pressure rises, due to continued vasoconstriction, and when 
it is at its maximum the venous pressure has already fallen to normal. 

The difficulty here, it seems to me, is in trying to make either heart- 
slowing or vasoconstriction alone account for the rise in venous pres- 
sure. Bayliss and Starling (7) themselves, when discussing the rise of 
venous pressure after splanchnic stimulation, say (p. 172) : "In experi- 
ment 5 one of the vagi was intact and the heart was slowed as usually 
occurs when the splanchnics are stimulated. One might be inclined 
to ascribe the rise of venous pressure to this slowing of the heart, 
were it not that in other experiments where both va^ were divided, we 
still obtained a slight rise on stimulation of the splanchnics." Evi- 
dently, then, the slowing of the heart is responsible for the greater 
part of the venous pressure rise, if not absolutely all. On the other 
hand, one cannot see how Plumier can be sure that Bayliss and Starling 
are wrong in ascribii^ some of their rise in venous pressure, after 
asphyxia for instance, to the decreased capacity of the system, since 
no experiment has been performed in which that factor has been ruled 
out, gruitmg that Bayhas and Starling's attempt to rule it out, not 
only ruled it out, but introduced a new factor, that of vasodilatation 
after section of the cord or splanchnics, which vitiated the comparison. 
It would seen as though this point might be settled by an arrangement, 
such aa that used by Heard and Brooks (31), for keeping the arterial 
pressure constant under varying experimental conditions. When, 
after adrenalin or asphyxia with vagi intact, the chai^ in capacity of 
the system, due to vasoconstriction, was not allowed to be effective, 
one could then see how much this factor has to do with the rise in 
venous pressure on slowing of the heart. 

S. "Respiratory pump." According to Hill and Barnard (37) none 
of the above explanations is adequate in accoimting for the rise of 
venous pressure obtained as a result of various experimental proced- 
ures. They attribute the rise which occurs on arrest of the heart 
under peripheral vagal stimulation to the respiratory spasms produced, 
and on asphyxia to strong abdominal and general muscular move- 
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meate, for in curaiiEed animals theBe rises do not occur, at least in the 
case of asphyxia. Their curarization was sufficient to abolish natural 
respiration, but did not interfere with the heart or tone of the arterial 
system. As regards vagal stimulation, they say (p. 348), "we our- 
selves unfortunately have not been able to maintain arrest of the 
heart in the cuiarized animal for long enough time to settle this point." 
Yet in figure 12, page 342 of this article, they ^ow a rise in venous 
pressure in the same animal on stimulation of the vagus before and 
after the administration of chloroform. "In the first instance the 
escape of the heart is complete, the respirations are greatly intensified 
and by the powerful expiratory spasms of the abdominal muscles the 
venous pressure is greatly raised. In the second case the inhibition is 
complete while the respirations, weakened by the chloroform, remain 
undtered during the standstill of the heart." On examination of the 
second curve one sees the venous pressure beginnii^ to rise as soon as 
the beat of the heart is stopped, but while it is rising the animal was 
changed to the feet-up position. The venous pressure continues to 
rise until the heart once more begins to beat. This rise of venous 
pressure evidently cannot be ascribed to the activity of the respiratory 
muscles since no change in respiration occurs during the standstill of 
the. heart, nor, probably, to the feet-up position which was assumed ' 
during the rise of venous pressure. 

These authors object to any explanation of these phenomena which 
assumes that a rise in venous pressure can be brought about by sending 
more blood into the venous system, as occurs on arrest of the heart, 
or by decreasing the capacity of the vascular system by arterial vaso- 
constriction. They believe that the vascular system is not filled to 
distention and that since the veins can hold all the blood of the body 
without distention, no increase in amoimt of blood in the veins tit de- 
crease in arterial caliber can cause a rise in venous pressure. To prove 
that the veins can hold all the blood of the body at zero pressure they 
cite the condition that exists in the animal after death. Then, since it 
might be thoi^ht that after death the tone of the vascular system had 
passed off, they attempt to prove their point in a living animal. After 
stopping the heart by vagus stimulation, they alternately placed the 
dog in the vertical feet-down and horizontal positions until all the 
blood had passed from the arteries into the veins, and past the venous 
valves so that no reversal of flow could take place. They say (p. 346), 
" In this experiment we produced a positive pressure in the veins and 
DO pressure in the arteries Since the arteries are emptied 
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of blood the whole system is not filled to distention " Just 

because the arteries are much more elastic than the veins and can, 
when the heart stops beatii^, empty themselves of blood and produce 
a greater positive pressure than before in the veins, it does not there- 
fore follow, it seems to me, that the vascular system, while the heart 
was beating, was not filled to distention. 

Furthermore, in refutation of Bayllss and StarUi^s belief that anemia 
of the brain in vagal arrest causes vasoconstriction, they say (p. 348), 
"In our experiments when the heart has escaped from arrest, there 
has not occurred any great rise of arterial pressure which we should 
expect to indicate vaBOConstriction." Why should one expect any 
great rise of arterial pressure after the heart has begun to beat again? 
With the resumption of the heart beat and consequent rise of art«rial 
pressure toward nonnal, the cause of the vasoconstriction, anemia oi 
the brain, is removed. 

"Any appreciable increase of vena cava pressure is due either to the 
reduction of the capacity of the venous system by the action of the 
respiratory muscles, or to the failure of the heart in maintaining the 
systolic output" (p. 350). By this, I presume, is meant the inability 
of 'a slowly beating heart to expel per minute as much blood as it 
receives per miniite, thus causing a back pressure in the veins. I fail 
to see how this could cause a rise in venous pressure if their contention 
is correct, that the venous system is capable of holding all the blood 
of the body without distention, especially since it occurs almost imme- 
diately on slowing of the heart, before the arteries could have emptied 
the greater part of their blood into the veins. Of course, it may be 
contended that the cava is only a part of the venous system and it 
might become distended when a large amount of blood collected in it, 
but this hardly seems a valid contention in the case of the immediate 
rise in venous pressure on arrest of the heart. 

4- Chemical mechaniem. Roy and Brown (64) in experimenting 
with the frog's web, tongue and mesentery, found that temporary 
anemia was followed by dilatation of arteries, capillaries and veins. 
This dilatation they attribute to a "relative diminution in the lymph 
of certain of the constituents of the blood, or the presence in increased 
amount of certain of the products of tissue exchange, or both of these 
combined" (p. 359). This effect, they say, is independent of cerebro- 
. spinal vasomotor effects; it may possbly be due to action on peripheral 
vasomotor gftiM;lia, but they think it is more probably due to direct 
action on vessel walls. These causes operate in other cor^estions and 
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the authors feel that this automatic regulation of the peripheral circula- 
tion is of very great importance. 

Henderson and Harvey (33), and Henderson (32) develop the idea of 
a peripheral chemical control of venous pressure "largely through varia- 
tions in the COi content of the venous blood." COj, by relaxing the 
veins, they believe, removes the resistance to the flow of blood from 
capillaries to veins, and so causes an increase in venous pressure. They 
speak of. such a relaxation as thoi^h it were merely the complete or 
partial removal of a clip, allowing more blood to flow into a vessel 
whose caliber remains the same. But if relaxation means more than 
this; if it means an actual increase in the capacity of a portion of a 
blood vessel, due to the lessening of vascular tone, it is difficult to see 
how this relaxation can cause a rise in the pressure in the vessel even 
though there is an increased amount of blood present. 

5. Nervous mechaninm. In a studyof the regulationof the blood sup- 
ply of the brain in 1890, Roy and Sherrington (65) found that stimu- 
lation of the peripheral stump of the vago-sympathetic nerves in dogs 
produced sometimes a rise, sometimesa fall of general venous pressure. 
They think that this probably means that the vagosympathetic trunk 
contains vasomotor fibers to the veins. As discussed in the section on 
heart rate, later observers have attributed this rise which peripheral 
vagus stimulation gives, to the slowing of the heart which is occasioned 
by such stimulation. Slowing of the heart due to paralysis from 
asphyxia with both vagi cut has been shown by Plumier to give a rise 
in venous pressure comparable to the rise caused by peripheral vagus 
stimulation. This perhaps does not prove that the vago-sympathetic 
nerves possess no venomotor fibers, but there seems to be perfectly 
adequate explanation for the venous pressure change without assimiing 
the existence of such venomotor fibers. That Roy and Sherrington 
sometimes found that stimulation of the peripheral stump of the vago- 
sympathetic nerves produced a fall in general venous pressure, may 
possibly have been due to an escape of current to the central end of the 
nerve through the fluid medium surounding the tissues. One, cannot 
t«l] what happened to the heart rate in these cases of a fall in venous 
preasiire for no graphs are given or statement made in regard to it. 

THiompson (72) in 1893 observed constriction of the superficial veins 
of the hind limb of dogs and rabbits on stimulation of the sciatic nerve 
or the spinal cord. The constriction took place in short sections, Ubib 
diameter of the vein between the segments remaining unchanged. 
Bancroft (3) confirmed these observations and extended the work. 
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He observed the appearance of the veins of the hind limb of a cat 
(rabbits also were used but were not found nearly aa aatiafactory) 
before and after section of various nerves, and thus traced out the 
vasomotor supply. The cell body of the pre-gang;honic fiber lies in the 
spinal gray matter, the axis-cylinder emerging in the anterior root of 
the 1st, 2nd, 3rd or 4th lumbar nerve, following the coTresponding 
white ramus into the sympathetic chain, running down it for a certain 
distance. The cell body of the postganglionic fiber lies in the 6th or 
7th lumbar sympathetic ganglion, the axis-cylinder running to the 
veins in the sciatic nerve. Langley's nicotine method was used to 
determine the p<»itioD of these ganglia. 

The experiments of Guim and Cbavasse (30) and Crawford and 
Twombly (18) on the effect'of epinephrin on isolated veins lend sup- 
port to the belief that a venopreesor nervous mechanism exists in the 
veins. The details of these experiments will be given later in this 
paper under the head of adrenalin. 

Hooker (41), (42) has demonstrated veno-pressor fibers in a nerve 
brynk running from the inferior mesenteric gangUon to the veins of Uie 
lai^ intestine. A rise in venous pressure in an isolated loop of intes- 
tine was induced by stimulation of: a, the nerve to the part (peripheral 
mechanism) ; b, a sensory nerve such as the saphenous (central refiex 
mechanism); c, the central mechanism by asphyxia. Section of the 
pferipheral nerve or destruction of the medulla destroyed the reflex. 
A probable failure of this mechanism in shock is predicated by Morison 
and Hooker (55). 

< A ' contraction of the veins seems to be the cause of the increased 
capillary pressure found in the blue-banded type of irritable heart 
cases as described by Briscoe (9). This is especially illustrated in 
those patients whose hands were sometimes normal and sometimes 
blue. The aven^ readings of tJiis class, when the hands were nor- 
mal, were: venous pressure, 10.6 cm. HiO; capillary pressure 25.3 cm. 
HiO; and when blue were: venous pressure, 10.6 cm. HjO; ca[Hllary 
pressure, 33.3 cm. HiO. Whether this contraction of the veins falte 
under the chemical mechanism theory or the nervous mecbanisn 
theory, the author does not state. One presumes, from the article, 
that it is the latter. 

It is not intended in this paper to review in detail the literature on 
portal venous pressure, as it forms a rather specialized type of venous 
pressure. A comprehensive review of the literature which has estab- 
lished the presence of a vasomotor mechanism in the radicles of the 
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portal vein, is to be found in Burton-Opits's (13) and Edmunds' (22) 
papers. 

Effect on venous pressure of: 1. Adrenalin, a. Effect on isolated 
veins. Dunn and Chavasse (30) have teeted the effect of adrenalin 
(1 to 100,000) on isolated ring preparations from various veins in the 
sheep (external jugular, mesenteric, superior and inferior cava) and 
find a constriction similar to that which occurs in the arteries. The 
external jugular gave a greater response than the superior and inferior 
cavae. The amount of response of the mesenteric vein could not be 
compared with that of the other veins, for the temperature in the 
case of the mesenteric was il'C, while in the other expenmenta it was 
SS'C From this they judge that the veins probably contain veno- 
constrictor nerve fibers from the thoracico-lumbar sympathetic nervous 
system. Crawford and Twombly (IS) corroborate these observations, 
finding constriction of ring preparations from femoral, iliac and saphe- 
nous veins of the dog. Their work on roosters is interesting in that 
they find some veins that contract in adrenalin solutions, and others 
that do not. Rings of the jugular vein of white Leghorn roostetB, 
taken from the middle of the neck, contract slowly with 1 to 60,000 
adrenalin in oxygenated Ringer's solution, but rings from the jugular 
vein near the head and from the large vein of the wattles gave no 
response. 'Hus argues, they feel, E^atnst a vasomotor supply to the 
cephalic end of the jugular vein and the veins of the wattles, and they 
sui^est that perhaps the absence of vasoconstrictor fibers in wattles 
may be one of the reasons why they blue so easily. 

b. Effect of irUra»en<ms injectiont. Hill (36) found that intravenous 
injection of suprarenal extract into a dog whose vagi had been divided 
caused a rise in arterial pressure of 1170 mm. MgSO* solution, while 
the vena cava pressure remained unaltered. Plumier (61) attributed 
the rise in superior and inferior vena cava pressure, which he obtained 
on intravenous injection of adrenalin in the intact animal (dog), to the 
slowing of the heart which Buch an injection occasions. He feels that 
one does not get as great a rise with say a 0.4 mgm. injection as the 
slowing of the heart would seem to indicate, but this may be explained 
by the fact that the increased force of the heart beat tends to reduce 
the venous pressure. However, after cutting the vagi, imless a very 
large dose is administered, there is no change or only a slight rise in 
venous pressure. In both cases there was important vasoconstriction 
resulting in a considerable rise in arterial pressure, but this decreasing 
of the capacity of the vascular system, he points out, is not sufficient, 
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in itself, to chwige the venous pressure. Capps and Matthews (16) 
find that a small dose (they do not state the amount) of adrenalin does 
not affect the venous pressure, but a large dose, such as \ mgm. (2 
minimB) of 1 to 1000, causes a rise of from 10 to 80 mm., and that coin- 
cident with this rise, the heart is markedly slowed. "The rise in 
venous pressure was coincident with this halting, irregular action of the 
heart, and it remuned high until the normal rhythm returned. We 
found likewise that, in a alow or inhibited heart-action from exciting 
the vagus nerve with faradic current, the venous pressure rose. Hence 
it seems probable, as Plumier (61) states, that the rise in venous pressure 
after large doses of epinephrin is explained by the halting heart-action 
rather than by' any venomotor stimulation" (p. 390). Bainbridge and 
Trevan (2) exclude reSex vaguB inhibition in their experiments by a 
small dose of atropin early in each experiment. Under these condi- 
tions they find little or no change in vena cava pressure t^ter adrenalin 
injection into a portal tributary or systemic vein (hepatic artery tied 
or intact), but a rise in portal pressure due, they think, either to a 
swelling of the columns of the liver cells narrowing the capillary chan- 
nels, or constriction of the radicles of the portal vein. Two cubic 
centimeters of a 1 to 10,000 solution of adrenalin cause a rise in portal 
pressure equal to 255 mm. of sodium citrate solution. Kuno (50) 
explains the slight rise in venous pressure which he obtained on injec- 
tion of adrenalin, with the heart beating faster, by saying, "the con- 
traction of the blood vessels evoked by adrenaUne is mostdistinct in the 
arterial system so that a large amount of blood might escape into the 
veins. The pressure in the veins does not therefore fall, on the con- 
trary it rises more or less during action of the adrenaline although the 
heart works extremely energetically" (p. 232). 

As far as I know, no measurements have been made of the effect of 
adrenalin on venous pressure in man. A word of caution should, 
therefore, he given about transferring data concerning adrenalin from 
animals to man. As has been noted above, the rise of venous pressure 
in dogs has been attributed to the concomitant slowing of the heart. 
In man, however, adrenalin does not slow, but quickens the heart 
rate. 

Clinical findings reported by Donaldson (21) and Miller (54) indicate 
that in practically every person (normal or pathological) adrenalin 
injection causes no change or causes an increase in pulse rate. Only 
one case of a fall in pulse rate was reported (Donaldson) and this was 
in a patient much collapsed from hemorrhage. With the subcutaneous 
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injecion of 0.5 cc. of 1 to 1000 adrenalin, used in the "Goetach" test 
(29), (57), there is no reaction on the part of normal patients and an 
increase of ten to fifty beats per minute in patients hypersensitiTe to 
adrenalin. This result is further corroborated by the work of Weam 
and Stui^is (74) and of Tompkins, Sturgis and Weam (73). There- 
fore it would be incorrect to assume that the results obtained by Cappe 
and Matthews (16) on dogs, in their studies on "venous blood-pres- 
sure as influenced by the drugs employed in cardiovascular therapy," 
necessarily apply to man. Similarly, Meek and Eyster'e conclusion 
(53) (based on experiments on unanesthetized dc^ with good vagal 
tone), that adrenalin cannot be the immediate cause of cardiac accel- 
eration which follows moderate exercise, because the heart slows after 
adrenalin, cannot be held good for man in whom the heart Increases 
ita per-minute rate after adrenalin. Still another example of the 
different way in which adrenalin afFects the same structure in different 
animals is given by Barbour (5), who found that adrenalin caused con- 
striction of human coronary arteries, but relaxation of the coronary 
arteries of the calf, sheep and pig. 

£. Variotts other influences. Since the experimental work in this paper 
deals on]y with the effect of adrenalin on venous blood pressure, it does 
not seem appropriate to review, in detail, the effect of various other 
in uences on venous pressure. The following references may, how- 
ever, serve to make this general review of the subject more complete. 
The relation of venous pressure to: 

a. GravUy. Hill (35) ; Hill and Barnard (37) ; Barach and Marks (4) 

b. Respiration. Jacobson (46); Wertheimer (75); Hill and Barnard 
(37); Burton-Opitz (12); Plumier (61). 

c. Exercise. Burton-Opitz (11); Hooker (38); Eipers (23); Jones 
(47); Henderson and Harvey (33). Krogh's (49) recent work on the 
effect of exercise in opening up new capillary beds, is of interest in 
this connection. 

d. High altitudes. Schneider and co-workers (66), (67), (68), (69); 
Kellaway's (48) work on the relation of anoxemia to the output c^ 
adrenalin may throw some light on the question of the effect of high 
altitudes on venous pressure. 

e. Increased aimospheric pressure. Hill (36). 

/. Drags, other Gum adrenalin. Hill and Barnard (37); Plumier (61); 
Burton-Opitz (14); Cappe and Matthews (16). 

g. Injection of physiological solution. Bainbridge (1); Kuno (50). - 
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Venous pressure work on man. A review of various methods for meas- 
uring venous pressure in man is found in an article by Hooker and 
EyBter (43), in the Johns Hopkins Hospital Bulletin for 1908. The 
following is a list of articles dealing with these methods: — OUver, 1898, 
(58); Frey, 1899, (26); 1902, (27); Gaertner, 1903, (28); von Basch, 
1904, (6); Sewftll, 1905, (70); von Recklinghausen, 1906, (62); Oliver, 
1907, (59); Moritz and von Tabora, 1910, (56); Frank and Reh, 1912, 
(25) ; A. A. HoweU, 1912, (45) ; Lombard, 1912 (51) ; Hooker and Reese, 
1914, (44); Hooker, 1914, (39); Brown, 1918, (10) ; Wiggers, 1918, (76). 
For compftrison with the normal venous pressure values in man, given 
in the above articles, it may be of interest to note the venous pressure 
values obtained by Jacobson, 1867, (46),inBheep, andbyBurton-Opitz, 
1903, (12), in dogs. 

Pathological values are given in the articles by Calvert (16); Hooker 
and Eyster (43) ; A. A. Howell (45) and Clark (17). Diurnal varia- 
tions are given by Oliver (60); Hooker (39) and Clark (17); the effect 
of Sige and sex on venous pressure by Elpera (23) and Hooker (39), 
(40), and the effect of temperature by Elpers (23); Hewlett (34) and 
Hooker (39). 

AN BXPEBIICENTAL STUDY OF THE EFFECT OF ADRENALIN ON VENOUS 
BLOOD PRESBUBE 

Inh-odwAion. It is evident from the foregoing discussion that in 
studyii^ the effect of any drug on venous blood pressure, one must 
take into consideration the effect of this drug on the various mechauistoB, 
changes in which are known to cause changes in venous pressure. So 
close is the relationship between the various parts of the circulatory, 
vasomotor and respiratory systems, tiiat any change in one part usually 
causes changes in several other parts. Hence, a change in venous pres- 
sure must very often be ascribed to the operation of several factors, 
sometimes supplementing, sometimes antagonizing one another. Some- 
times one factor is so predominant than any other is lost sight t^. 
This seems to have tieen the case in the previous study of the effect 
of adrenalin on venous pressure. A greatly slowed heart causes a rise 
in venous pressure. Adrenalin, injected into the blood stream of do^ 
with good vagal tone, causes slowing of the heart and a rise in venous 
pressure. NatunJly, the conclusion was that the rise in venous pres- 
sure was due to the slowing of the heart rate, especially since little 
change in pressure occurred on administration of adrenalin to these 
dogs after vagotomy. 
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It has been demonstrated for sheep by Gunn and Chavaese (30), 
and for dogs and roosters by Crawford and Twunbly O^)) that adre- 
nalin chloride causes contraction of isolated vein rings. The work of 
Bainbridge and Trev&n (2) indicates that the radicles of the portal 
vein in the intact aniioal contract under the influence of adrenalin. 
Nerves to the veins of the limb have been demonstrated by Thompson 
(72) and Bancroft (3), and to the portal vein by MaD (52) and others. 
The experiments of Hooker (41), (42), demonstrate the existence, in 
the intestinal veins at least, of a nervous constrictor mechanism, which 
can be stimulated directly or indirectly. In view of this evidence, one 
naturally wonders whether or not such a nervous mechanism is func- 
tioning when adrenalin chloride is introduced into the circulation, and 
if the general venous pressure rise occasioned thereby is not, in part 
at least, due to a constriction of the veins. No evidence, as far as I 
know, has been found that points to such a mechanism coming into 
play after adrenalin, except in the case of the portal vein. 

It is with these things in mind that the present investigation has 
been undertaken, to ascertain what factor or factors are responsible 
for the general rise of venous blood pressure which follows the intra- 
venous injection of a solution of adrenalin chloride. 

Experimental procedures. In the courae of these experiments about 
fifty dogs and twenty-five cats were employed, weighing, on the ave^ 
age, 8 kgm. and 2.3 kgm., respectively. The experiments on dogfi 
were carried out under ether anesthesia. The cats were decerebrated 
according to the method described by Sherrington in bis recent labwa- 
tory manual (71), an anesthetic, ether, being used only during the 
procedures prior to the decerebration. The decerebrate cat prepara- 
tions were always kept on an electric pad throughout the experiment. 
Ari^erial pressure was recorded by a mercury or a Eflrthle manom- 
eter, sometimes by both. Venous pressure was recorded as follows: 
brass cannulae (7 cm. long by 1 to 1.5 ram. bore, for eats, and 16 
cm. by 2 to 2.5 mm., for d(^), connected with manometers containing 
2 per cent sodium citrate, were inserted in the external jugular and 
femortd veins and pu^ed in past the valves so that the pressures re- 
corded were thoee in the superior and inferior cavae. Whenever there 
was any doubt that the cannulae were not properly inserted, a dinee- 
tion was made at the end of the experiment. The entrance of tin 
superior cava into the heart was taken as the zero level for pressure. 
To make sure, from time to time, that no clots had formed, the p i —- 
sure was raised in the manometer, by means of a pressure bottle, t* 
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several ceDtimeten above the pressure existing in the vein and the 
citrate solution .then allowed to run into the vein. This it did promptly, 
if there was no obstruction. It was always not«d on the tracing when 
such a procedure occurred. Controls were made which showed that 
iajectioDS of such amounts of 2 per cent sodium citrate (^ to 1 cc.) 
had no visible eEFect on the circulatory system, and the amount of 
fluid injected waiS Insufficient to cause any chai^ in venous pressure. 
Simultaneous tracings of arterial pressure, respiration and time 
relations were made on a smoked paper kymograph. Since the experi- 
menter worked alone, it was necessary to resort to some method of 
recording, so that venous pressure readings could be made and injec- 
tions carried out and recorded by one person, and the exact corre- 
spondence between the various pressures be noted on the tracing. 
One lever recorded respiration, another the arterial blood pressure, 
and a signal magnet, which marked the base line for the arterial pres- 
sure (mercury manometer), recorded the duration of the injectifm and 
was also connected with a Harvard clock recording half-minutes. In 
this circuit there was an electric buzzer which signaled every time the 
marker was recording a half-minute, and at the sound the level of the 
venous pressure manometers was noted, the pressures later being 
marked at the proper place on the tracing. On the same line with 
this marker, and writing only a millimeter or two behind it, a Jacquet 
chront^raph recorded seconds. 

Parke, Davis & Company's adrenalin chloride 1 to 1000 solution waa 
used throughout. Before injection, it was diluted with 0.7 per cent 
sodium chloride to the desired strength, usually 1 to 10,000. 

Special experimental procedures, not followed in all experiments, 
are described in connection with the experimental data obtained from 
those procedures. 

Of couree, if small rises of venous pressure are to be considered sig- 
nificant, one must make sure that they are not caused by the introduc- 
tion of fluid, used in the injection. For this reason, very small amounts 
of adrenalin solution were slowly injected (in most cases 0.5 to 3.0 cc. 
in 5 seconds or more), and control experiments were several times 
made to ascertain how large an amount of 0.7 per cent NaCl had to be 
introduced to cause any change in venous pressure. One-half to 3.0 
CO. were without effect, 5.0 cc. caused a rise of 3 or 4 mm., while 20.0 
CO. — a larger amount than was ever employed in adrenalin chloride in- 
jeetions — caused a rise of only 10 or 15 mm. Na citrate solution. 
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Experimental work on: 1. Changes in peripheral resistance and ca- 
pacity of the vascular system. Under all conditions studied, adrenalin 
always caused a rise in arterial pressure due to arterial constriction. 
The rise was higher for the same dose when the heart rate wae in- 
creased than when it was decreased, but there was always a rise. Such 
a constriction, other things being equal, would tend to cause a fall in 
venous pressure due to the obstruction to the flow from arteries to 
veins but, on the other hand, the decreased capacity of the system 
brought about by arterial constriction would tend to raise the pres- 
sure in all parts of the circulatory system. In some cases of arterial 
constriction, as shown by Bayliss and Starling (7) and discussed in the 
historical review in this paper, the two factors may balance and give 
no change in venous pressure. There is one factor here which seems 
to have received little notice in this connection, and that is the rate at 
which plasma may leave the blood stream under varying arterial pres- 
sure. How far this may operate toward compensating the "decreased 
capacity of the system" factor, is not known. At all events, in the 
case of adrenalin, when all other causes for change in venous pressure 
are ruled out, as far as possible, these factors of peripheral resistance 
and capacity of the system seem to balance, for no change in venous 
pressure occurs. Chart 1 (I and II) illustrates this point. About a 
quarter of an hour after the decerebrated cat (chart 1, I) was curar- 
ized, according to the procedure described under "respiration," 0.15 
mgm. (3 cc.) of adrenalin chloride was injected into the right femoral 
vein causing no change in vena cava pressure, althoi^h the arterial 
pressure was raised from 34 to 167 mm. Hg. 

Chart 1 (III and IV) shows an experiment in which the venous pres- 
sure fell after adrenalin, a very imusual occurrence. It is probable 
that, in this case, the increased peripheral resistance so obstructed 
the flow from arteries to veins that there occurred a fall in venous 
pressure. The decrease in heart rate would tend to cause a rise in 
venoxis pressure, but this was apparently overbalanced by the factor 
or factors tending to cause a fall. In any case, it seems evident that 
the usual rise in venous pressure caused by adrenalin is not brought 
about, directly, by changes taking place in the arteries, though, as will 
be explained later^ a rise in arterial pressure m&y assist in causing a 
risb of venous pressure when it occurs in conjunction with a slowing of 
the heart. 

£. Chemical regulation. It is conceivable that adrenalin may act as 
a chemical stimulant to venous musculature, independent of any effect 
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through a nervous mechaniBm. Aa far as I know, no work has been 
done on this subject. However, adrenalin produces an effect upon 
venous rings similar to that upon arterial rings, and it seems reason- 
able to assume, until disproved, that in the veins, as has been shown 
for the arteries, adrenalin acts by stimulating the myoneural junctions 
of the sympathetic nerve fibers in the vascular musculature. 

S. Respiratory and muscular factors. The contraction of muscles 
against the veins, as in exercise, and changes in respiration, are known 
to be very efficient in causing changes in venous pressure. Take for 
example chart 2 (II), showing the result of stimulation of the saphenous 
nerve before and after administration of curare. The dog was not 
completely curarized, as can be seen from the fact that a slight change 
in rate and amplitude of respiration was elicited by strong sensory 
stimulation. The interesting thing is that the venous pressure response 
seems to bear a definite relation to the amount of respiratory response. 
When adrenalin chloride is injected in small amoimts (usually 0.1 to 
0.3 mgm.) there may be no respiratory response, or a decrease in height 
and frequency of respiration occurs. This change evidently has little 
or nothing to do with the rise in venous pressure, since that rise takes 
place when no respiratory variations occur, and a decrease in rate 
causes a fall, not a rise in venous pressure. However, to fully rule out 
any change in venous pressure due to muscular contraction or respira- 
tory change, curare was administered in a number of experiments, 
and as soon as breathing ceased artificial respiration was given. The 
air was heated to 30°C. before reaching the animal. To be sure that 
other muscles besides the respiratory muscles were paralyzed, the 

. — pulse rate per minute. 

arterial pressure in mm, Hg, 

superior cava pressure in mm. 2 per cent sodium citrate. 

++++ inferior cava pressure in mm. 2 per cent sodium citrate. 

^^^^~ respiratory rate per minute. 

V/Avy line, respiratory amplitude (relative only). 

L«rge dots indicate actual determinations. 

Cirdes indicate that venous pressure cannula was tested and found free of 
clots. 

Chart 1. Adrenalin chloride injections: I and 11, decerebrate cat?; Ill and 
IV, dog 4 B. 

Chart 2. I and II, dog 36 A— Stimulation of saphenous nerve before and after 
partial eurarisation ; III and IV, decerebrate cat ft— Adrenalin chloride injections, 
before and after complete eurarisation; vagi cut. 

Chart 8. Adrenalin chloride injections: I and II, dog 1 A, v^ cut between 
I and II; III and IV, dog4 B; V, dog 29 A. 
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minimal nerve stimulus necessary to cause contraction of some skeletal 
muscle in the fore limb was determined before curare, and then sufficient 
curare was given to cause this stimulus and other stronger stimuli to 
become ineffective. In such experiments adrenalin had practically the 
same effect on the venous pressure before and after curare: chart 2 
(III and IV) is an example. Changes in the rate of the artificial res- 
piration seem, also, to be ineffective. It has been noticed a number 
oftimes that the venous pressure response to adrenalin is not as 
marked immediately after the administration of curare as it is later. 
In a few cases, as shown in chart 1 (I and II), the effect persists. This 
depressant action on venous pressure response is probably due to an 
action on the nervous mechanism in the veins. That it usually passes 
off very rapidly, fits in with the general idea that the primary depres- 
sant action of curare on the circulatory system is of very short duration. 
When not curarized, occasionally the act of injecting was a sufficient 
sensory stimulus to cause a muscular response. This muscular re- 
sponse, often seen in a stretching out of the lower limbs and conse- 
quent stretching of the abdominal muscles, was not evident on the 
tracing given by the usual pneumograph. Therefore, instead of re- 
cording respiration by means of a rubber bag around the chest, a small 
rubber balloon was inserted through a small opening into the abdominal 
cavity near the diaphragm, and the skin closed tightly around the glass 
tube to which the balloon was attached. The balloon was then blown 
up until it held about 6 cc. air, and connected with a recording tam- 
bour and lever as the bag around the chest had been before. This has 
the advanta^ of recording not only respiratory changes but also changes 
in abdominal pressure which very markedly Influence venous pressure, 
as shown by Hill and Barnard (37). 

4. Heart rate and output per minute. Plumier (61), in his work on 
venous pressure, laid great stress on slowing of the heart rate as a very 
efficient means of raising the venous pressure. Occasionally the heart 
suddenly stops beating after an injection of adrenalin. The venous 
pressure may then rise very high; in one case it rose five times as high 
as it had after a similar dose of adrenalin when the heart rate was 
increased. In dogs with good vagal tone, the heart usually slows 
markedly after adrenalin and the venous pressure rises (see chart 3, I). 
Even with the vagi cut the pulse rate is often slowed, due probably 
to a direct action on the heart musculature, as is shown in chart 3 (II). 
A rather uncertain venous pressure response is often seen in vagotomized 
dogs when the heart rate is increased after an adrenahn injection. 
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Such resultB would lead one to attribute the rise in venous pressure 
solely to the decreased heart rate as did Flumier (61) and, later, Cap[w 
and Matthews (16). Charts (III, IV and V), however, makes one doubt 
that heart rate is the only factor involved. Work on dogs under ether 
did not prove satisfactory in clearly demonstrating whether or sot a 
nervous mechanism played some part in venous pressure response to 
adrenalin. There are several reasons for this. In order to rule out 
the slowed heart rate, the v^ had to be cut. This caused a very great 
increase in the depth of respiration which brought about such a marked 
rise and fall in venous pressure that it was difficult to compare such 
fluctuations in pressure with the change occurring after adrenalin, 
since the respiratory variations were then often absent, due to tempo- 
rary cessation of respiration. Besides, even with the vagi cut, the 
heart frequently slowed ^ter adrenalin. Still more serious, perhaps, 
is the possible effect of ether on the nervous mechanism. Ether de- 
presses the arterial vasomotor response to adrenaUn, as shown by 
Berry (8) and Rous and Wilson (63), and could natxu'ally be expected 
to affect a nervous mechanism in the .veins — all the more so because, 
as shown by Hooker (41), this mechanism is extremely sensitive. If 
very light ether anesthesia were employed, there would then be the 
difficulty of muscular and respiratory responses discussed above. 
Chart 3 (III and IV) shows an unusual experiment in which the ether 
anestliesia was light, and yet respiration remained constant throughout 
the experiment. Experiments on decerebrated cats, which needed no 
anesthetic f^ter the operation, and whose vagal tone is not nearly so 
marked as dogs', proved to be very satisfactory. Also, it was no small 
consideration, since curare is very difficult to obtain, that it took only 
a small amount of curare to curarize a cat, as compared with a dog. 
Since sensory stimuli have been shown to be effective after curium, it is 
desirable, for humanitarian reasons, to work on a decerebrated prepa* 
ration where there can be no question of not giving enough anesthetic 
during curarization to cause analgesia. 

Concerning the influence of change of the heart rate on venous pres- 
sure, it should be said that it is really the per-minute output of the heart, 
rather than the heart rate alone, that is essential. Quoting from 
Erianger and Hooker (24), (p. 161), "If the pulse pressure is approxi- 
mately dependent upon the amount of blood that escapes from the 
arteries during one cardiac cycle, then it is obvious that the amount 
that escapes must vary directly as the pulse rate." Therefore, pulse 
pressure multiplied by pidse rate gives us an expression of the output 
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of the heart per minute. It is possible to increase or decrease the out- 
put per minute by increasing or decreasii^ either or both of these 
factors, and to keep the output constalot by vaiying the two fsctora 
proportionately in the opposite directions. Hence one cannot say that 
a slowed heart necessarily causes a decreased output per minute, and 
hence a rise in venous pressure. It is theoretically possible that the 
pulse pressure might so increase that even with a lower heart rate the 
output per minute would increase. In the case of adrenalin, however, 
this possibility seems never to be realized, at least when ihe pulse 
rate is greatly reduced. For example, in one experiment, before 
adrenalin, the pulse pressure was 180 mm. Hg. and the pulse rate per 
minute 158, making a per-minute output of 28,440. After adrenalin, 
the pulse pressure was 240 and the pulse rate 20, giving the greatly 
decreased per minute output of 4800. The slowing in this case was 
way out of proportion to the increased pulse pressure, and was accom- 
panied hy a rise in venous pressure from 25 to 120 mm. Na citrate. 

Experiments were performed on dogs, as illustrated in chart 4, in 
which the vagi were cooled by perfusing ice water through glass tubing 
in a V around each serve, and afterwards allowing the nerves to come 
to room temperature again. The pulse rate, arterial pressure, respira- 
tory rate and amplitude were all affected but very little change in 
venous pressure took place. When the perfusion of ice water around 
the nerves was discontinued, the pulse rate decreased from 144 to 108, 
the venous pressure decreasing also a few millimeters. When the 
heart stops beating the rise in venous pressure is due to a back pres- 
sure in the veins and also to the tendency for equahzatiou of pressures 
to take place throughout the vascular system. When the heart 
slows, but does not stop, these factors operate to cause a rise in venous 
, pressure,' but to a less extent. If now the arterial pressure rises as the 
slowing of the heart occurs, as after adrenalin, the mean pressure of 
the vascular system toward which the various pressures are tending 
will, of course, be greater, and hence there is a much greater possi- 
bility of a large rise in venous pressure. In one experiment, after an 
adrenalin injection, the heart was slowed about as much as after the 
cooling of the vagi was discontinued (chart 4, II). In the former case 
the arterial pressure rose, showing that the capacity of the vasculu- 
system was decreased, while in the latter it fell. In the case of adre- 
nalin there may be a nervous constrictor mechanism in the veins at 
work, but from other experiments oq dogs it seems likely that this 
plays little part in etherized dogs. It seems more probable that the 
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decreased capacity of tbe system acts in connection with the slowed 
heart rate to cause a rise in venous pressure. 

S. Nervous mechanism. It can readily be seen from the foregoing 
that one cannot attribute a rise in venous pressure to the activity of a 
vasomotor mechanism in the veins, unless one is sure that the per- 
minute output of the heart has not decreased sufBdently to explain the 
rise. As we have seen, when this factor is ruled out in experiments 
on dogs under ether, the evidence for the functioning of a nervous 
mechanism ia not very conclusive. In the experiments on decerebrate 
cats, however, there is clear evidence of such a mechanism. With the 
vagi intact, we may get the response which is usual in dogs — a rise in 
venous and arterial pressure and a slowing of the heart, chart 5 (I 
and II). When, however, the vagi are cut (chart 5, III and IV), 
there is still a rise in venous pressure. The hpart rate is practically 
unchanged and the pulse pressure increased (as nearly always occurs 
after adrenalin) so that the output per minute is now increased and the 
tendency would be for a fall rather than a rise in venous pressure. 
So also in this experiment, the respirations were decreased in height 
and frequency which would tend to lower rather than raise venous 
pressure. The rise, therefore, which one does get \mder these circum- 
stances seems to be due to a nervous factor, rendered probably less 
effective in producing a rise because of the factors tending to produce a 
fall. Chart 6 shows very uniform rises in venous pressure, though in 
some cases the heaxt rate is slowed and in some cases increased in fre- 
quency. Is the experiment shown in chart 7, the respiratory factor is 
completely controlled by curarization. The vagi are cut in IV and V. 

It is interesting to inquire whether or not the seat of this action of 
adrent^in is central or peripheral. Two different types of experi- 
ments were performed to investigate this question. In the first, the 
cord was sectioned in tbe cervical region (about at the level of the 
fifth or sixth cervical vertebra). As is shown in chart 8, this does not 
destroy the venopressor response to adrenalin, though whether or not 
any small part of the reaction is of central origin is hard to determine, 
since the amount of response to a certain dose is not invariable, and so 
the effect of a dose before cutting the cord is difficult to compare with 
the same dose just afterwards. The response before and after is 
quite similar, however. 

For the second type of experiment the isolated vein preparation of 
Hooker (41) was used. In the first of these experiments, Doctor 
Hooker kindlydemonstrated the method to the writer. An isolated loop 
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of lai^ intestine in which the inferior mesentery artery and vein had 
been cannulated, was hung up free from the surrounding intestines. 
The only connection with the animal was through a nerve running from 
the inferior mesenteric ganglion to the large intestine and entering 
the intestine in close proxinaity to the inferior mesenteric artery. Blood 
was washed out of the vessels from artery to vein by means of warmed 
(about 37''C.) Ringer's solution under air pressure of 90 to 120 mm. Hg. 
The cannulated artery was then disconnected from the air pressure appa^ 
ratus and eJlowed to bang freely from the preparation. The vein was 
then connected with a venous pressure manometer containing warmed 
Ringer's solution. The zero level was, in most cases, adjusted to the 
level of the vein in which the pressure was being measured. The vein 
was distended by a positive pressure of from 30 to 100 mm. Ringer's 
solution, by means of a pressure bottle. Any change in the cahber of the 
vein would then be indicated by a rise or fall in the level in the venous 
pressure manometer. Hooker (42) has shown that, in this preparation, 
a rise in venous pressure may be elicited, peripherally, by stimulation 
of the nerve to the part; refiexly, by sensory stimulation; and centrally, 
by asphyxia. In such a dog, when adrenahn chloride was injected 
into the saphenous vein in doses from 0.2 to 0.6 mgm., no rise in venous 
pressure in the isolated vein occurred, but when such injections were 
followed by asphyxia, produced by closing off the end of the tracheal 
cannula for two or six minutes, a rise in venous pressure from 15 to 
20 mm. occurred, showing that the preparation was still in good condi- 
tion. This seems to show that the venopressor rise after adrenalin is 
not due to any central mechanism, controlling the caliber of veins, 
but to a peripheral effect on sympathetic endings, such as takes place 
in the arterioles. 

- pulse rate per mioute. 

arterial pressure in mm. Hg. 

superior cava pressure in mm. 2 per cent sodium citrate. 

++++ inferior cava pressure in mm. 2 per cent sodium citrate. 

^^^^~ respiratory rate per minute. 

Large dots indicate actual determinations. 

Circles indicate that venous pressure cannula was tested and found free from 

Chart 4. Dog 17 A— Vagus nerves cooled. 

Chart 5. Decerebrate cat 3 — Adrenalin chloride injections, vagi cut between 
II and III. 

Chartd. Decerebrate cat 6 — Adrenalin chloride injections, artificial respiration. 
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Some experimentB which were being carried out in this laboratory 
suggested that tuBtamiue might have an effect on the venopreseor 
mechaiuBia. Chart 9 (I, II, III) shows typical arterial and venous 
respooses to adrenalin in a curarized, decerebrate oat. One-half milli- 
gram (1 cc.) of histamine (chart 0, IV) caused a fall in arterial pressure; 
in some experiments the venous pressure also fell. A more marked 
reaction was shown in another experiment, where twice the dose was 
given. According to Dale and Laidlaw (18), had the cat been imder 
an anesthetic, these doses of histamine, from which the unanesthet- 
ized cat recovers, would have produced fatal circulatory collapse. 
When hiatamine was followed by adrenalin in the same and larger 
doses than given previously in the experiment, there was no venous 
pressure response (chart 9, V and VI). The arterial pressure rose, but 
not nearly as hi^ as before, with the same dose. A second injection, 
however, gave a typical arterial pressure rise, but still no change in 
venous pressure. The work of Dale an^ BJchards (20) and Dale and 
Laidlaw (19) leads them to conclude that relaxation of the capillaries 
is the cause of the vasodilator effect of histamine. The fall in venous 
pressure after histamine and the subsequent failure of the nervous 
mechanism to respond to adrenalin, indicates that histamine has a 
relaxing effect on venous tone, also, and acts in some way to depress the 
activity of the venopressor mechanism. 

Summiay. The various possible factors operatii^ to produce the rise 
in venous blood pressure which occurs in d<^ and cats after intra- 
venous injection of adrenalin are discussed. The two factors chiefly 
responsible are the decreased heart rate bringing about decreased unit 
output of the heart, and a vasoconstrictor mechanism in tiie veins. The 

--.... pulse rate pet minute. 

tkrteri&l pressure in mm. Hg, 

sup«Tior cava premure in mm. 2 per cent sodium citrate. 

++++ inferior cava pressure in mm. 2 p«r cent sodium citrate. 

^^■^^ reepiratory rate per minute. 

Large dots indicate actual determinations. 

Circles indicate that venous pressuie cannula was testedand foundfreefrom 
clots. 

Chart 7. Adrenalin chloride injections: I, II and HI, decerebrate oat 8— Vagi 
intact; cat curariied; artificial respiration; IV and V, dedBiebrate cat 9 — Vagi 
out; cat curariaed; artificial respiration. 

Chart 8. Decerebrate cat 15-^Adrenalin chloride injections, before and after 
section of cord; vagi cut; cat curariied; artificial respiration. 

Chart 9. Decerebrate oat 17— Adrenalin chloride injections, before and after 
histamine; vagi cut; eat curarised and artificial respiration begun between I and 

n. 
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effect of the first factor ia accentuated by the fact that the arterial pres- 
sure 18 greatly raised by adreDalin in the doeee here used. The first 
factor has been recogniEed before. Reasons are ^ven why the second 
factor was previously overlooked. In dogs with good vagal tone and 
under an anesthetic, the rise in venous pressure is almost entirely due 
to the first factor. In cats whose vagal tone is not nearly as strong, 
the second factor predominates. This nervous mechanism is shown 
to be acted on peripherally by adrenalin, and to be depressed by ether, 
curare and histamine, especially the last. 

I may take the opportunity here to thank Dr. W. H. Howell and 
Dr. D. K. Hooker of this University, and Dr. J. L. King of Goucber 
College, for kindly encouragement and aid in the preparation of this 
paper. 
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In a previous article (5) we showed that the lung of the frog contracts 
immediately foUowii^ the external reBpiratory act; that the lung mus- 
culature can be induced to contract reflexly by the stimulation of any 
visceral or cutaneous nerve with practically no exceptions; that the 
lungs of this animal possess a peripheral automatic mechanism which 
at times shows rhythm but which under normal conditions is kept in 
a state of inhibition by tonic central inhibitory impulses via the vagi; 
that these nerves, furthermore, contain not a few motor fibers which 
apparently exert no marked tonic activity; and that the cervical sym- 
pathetic nerves contain but few motor and no inhibitory fibers for the 
lungs. In addition, we made a brief study of the action of certain 
drugs (atropine, adrenalin and histamine) on the lungs besides using 
nicotine extensively in differentiating between the motor and inhibitory 
nerves contained in the vagus fibers to the lungs. 

On completion of this work it seemed quite important to us to in- 
vestigate the neuro-muscular apparatus and physiology of the nerves 
of the lungs of other available amphibia to determine whether or not 
the physiological mechanism discovered in frogs is the same or similar 
in this class of animals. 

METHODS 

The only amphibia available for this study were the axolotl and 
necturuB. The general methods of study were those reported in our 
first article, modified to meet the anatomical peculiarities of the type 
of animal which we were studying. 

In every instance the cord was pithed below the meduUa. As in 
previous work on the frog we cannulated the tips of the lungs exposed 
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by a ventral incision and connected each cannula, with either a water 
manometer or delicate tambour. After recording the nonnal respira- 
tions or respiratory attempts of the animal, we attempted to elicit 
reflex lung contractions aa the result of mechanical and electrical stimu- 
lations applied to the animal anterior to the Bpinal tranBection. We 
subsequently closed the glottis with a small mosquito forceps (in 
axolotl only) and pithed the brain (specifically the medulla) to note 
any tonic inhibitory inSuence the vagi nerves might have on the neuro- 
muBculature apparatus of the lungs. Stimulation of the same nerves 
to the lungs next engaged our attention. This was followed by the 
effect of the intravenous injection of drugs ^one or in combination. 
Because of the poor or imperfect circulation in necturus, as a result of 
the preparation of the animal for experimentation, for certain purposes 
we injected the drug deep muscularly, 15 to 20 minutes, before prepar- 
ing the animal in the manner described above; for we found that even 
injection of the drug in Ringer's solution by way of the bulbus arterio-' 
BUS or into the pulmonary artery failed to reach the posterior end of 
the lung of this animal. 

The lungs of necturus are paired sacs, extendii^ from the level of 
the heart almost to the anal region. There are no alveoH or septa in 
these lungs. According to Miller (9) the course of the smooth muscle 
fibers in the lung walls is circular, except at the apex. Both lung artery 
and lung vein lie superficial to the muscle layer. 

Miller has described medullated and non-medullated nerve fibers 
and nerve nets in the necturus lung. The pulmonary fibers of the vagi 
enter the base of the lungs in many branches, not along the puhnon^r 
blood vessels, as in the frc%, but between the blood vessels. There 
axe many ganghon cells (bipolar and multipolar) in the main nwve 
trunks and in the nerve plexuses. According to Miller, the non-medulr 
lated fibers connect with the ganghon cells. Similar ganglionated nerve 
{Nexuses have been described in the lungs of other tailed amphibieOU/ 
especially by Stirling (11) in the case of the newt. The older anatomical 
literature is reviewed in detail by Oppel (10). Miller's description of 
the ganglionated nerve plexuses in the necturus lung is practically 
identical with the local nervous system of the necturus heart, as studied 
by one of us (6). . 

In necturus the glottis or opening from the pharynx into the tracdiea 
is exceedingly small, and certainly not suited for rapid filling or emptying 
the lung sacs with air. We have repeatedly seen these animals attoa^ 
to swallow air, the air escaping by the gill slits and inQO'lnstaiiOfl, 
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entering the lungs. Tbere can be no doubt that in nectunis the gaseous 
exchange is carried out by the gills, supplemented by the skin, and the 
rdle of the lung sacs in resfuration is an open question. The lung sac 
of necturuB has the same histogenesis as the lung of other vertebrates, 
although it remains most primitive as regards differentiation. Should 
these structures be called lunp, especially if they serve mainly or 
exclusively as "hydrostatic oT^ans?" 

In our review of the anatomical and zoological literature on amphibian 
respiration, we came across the surprising fact, apparently well known 
to zoologists though not to physiologists, that many species of tailed 
amphibians have neither lungs nor gills, and in other species without 
gills the lungs appear to be too rudimentary to function in respiration. 
The normal condition of these species is that of the frog with the lungs 
extirpated, that is, the gaseous exchange is carried out entirely by the 
skin. But several zodlogists (Wilder (12), Lonnberg (8), Camerano 
(4), Bethge (3) and others) have concluded mainly on anatomical 
grounds (great vascularity of the mucous membrane of the buccal 
cavity and upper end of the esophagus), that the pharyngeal cavity 
serves lung functions, especially in those species having neither lungs 
nor gUb. It appears to be a fact that the so-called buccal respiratory 
movements (including that of the external nares) are carried out even 
in those species in which the lungs are absent. But Bab^ and Kiihnova 
(1) have shown that the bnun centers controllii^ these movements are ' 
different from those governing the filling and emptying of the lungs, 
the latter are, the former are not influenced by asphyxia, which fact 
seems to throw doubt on the respiratory character of these buccal 
movements. Lapique and Petetin (7) have also shown, in the case 
of one species of salamandets devoid of lungs and gills, that the main 
respiratory organ is in the skin. 

None of these questions can be settled except by direct physiolt^cal 
experiments, but we may regard the necturus lungs, provisionally at 
least, as lungs on the basis of organogenesis. Their motor control 
also places them in the same cat^ory with the lung of the frog and of 
the axolotl. 

Sutce the entire respiratory apparatus (including the lung) of the 
necturus is strikingly more primitive than that of the other salamander 
used in this study, we shall describe the results obtained from nectunis 
first and end with a description of those obtained from the axolotl. 

Nedurus maculatus. External respiration in this animal is essentially 
performed by the laige gills which imder usual conditions are kept in 
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more or less constant motion. Occasionally the animab come to the 
smface tor air which is promptly expelled by an act of swallowing 
through the gill slits. The lungs of this animal consist essentially of 
two thin' elongated muscular sacs which are well supplied with blood 
vessels. With but one exception we found them collapsed. In an 
inflated and atonic condition their diameter is about 1 cm. at their 
greatest circumference. At their ends they taper off into blunt tips, 
at their base they communicate with a tracheal sac similar to that 
possessed by the frog. This sac communicates with the oral cavity 
through* a glottis situated far down in the pharyngeal region. The 
glottis is exceedingly primitive. It condsts essentially of a slit which 
is quite easily overlooked on direct inspection. We agree with the 
description of Oppel that the glottis is exceedingly delicate. Taking 
everythii^ into account we feel that the lungs may serve an excretory 
fimction (elimination of COi) but are rarely if ever filled with air during 
any act of external respiration. The lungs receive their innervation 
throu^ pulmonary fibers carried by the vagi. It was found impracti- 
cable to isolate these latter nerves in the neck for direct electrical stimu- 
lation. They were isolated at their exit from the skull by a dissection 
to right and left of the median line after a sagittal section of the skull. 

Because of the inaccessibility of the glottis for closure by hemostat 
as practised in the frog, we prevented communication of the lungs 
through the glottis with the mouth by dorso-lateral traction and fix- 
ation in that position of the fore legs after pinning the animal on its 
back. A wad of cotton wedged under the neck of the animal at the 
level of the tracheal sac or put over the tracheal sac and held firmly 
in that position by the constriction of a rubber band was an additional 
measure employed in not ^^y closing off the glottis but in preventing 
inter conmiuni cation between the lungs through the tracheal sac. 

AxoloU. The lungs of this genus of amphibia are certainly more 
complex than in necturus. On opening the abdominal cavity one is 
at first glance struck with the resemblance of the lungs of this animal 
with the reptilian lung. The upper portions of both lungs are sub- 
divided into alveolar sacs by septa; the lower appendages which extend 
down the abdominal cavity for a considerable distance are more saclike 
in their texture. As in the frog and necturus the lungs communicate 
at their base with the tracheal sac which in turn communicates with 
the mouth cavity through a well-developed glottis. In the specimens 
which we used gills were present and functioning. It was equally 
apparent, especially on opening the abdominal cavity, that the animals 



,yGooglc 



126 A. B. LUCKHARDT AND A. J. CABLSON 

could and did make use of the lungs for gaseous exchange. In this 
aDimal the vagi could be isolated in the neck as in the frog. The 
result of our investigation on this form is confined to a study of less 
than a dozen animals. Although most of the animals were in good 
condition at the time of experimentation, they deteriorated more 
quickly than the irog and the necturus similarly prepared. We are 
confident, however, that our results are characteristic of this form 
especially since they fit in well with what we observed in the frog and 
necturus. 

All the tracings reproduced with this report were taken with the 
same speed of the kymograph, A single time tracing sbowii^ 5 second 
intervals will be found at the bottom of figure 1. It can be used in 
a study of the time relations in all other tracings sboiUd the reader care 
to do so. 



1, Nectwna macuUiius: a. The centrtd inhibitory control of the lungs 
through the vagi. As mentioned above it was found impossible for 
anatomical reasons to isolate the vagus nerve or its pulmonary brauehes 
in the neck to note the effect of ligation and sections of these nerves 
on the tonic activity of the lung musculature. Since destruction of 
the medullary centers in the frog effected the same result, we adopted 
this expedient in necturus. Having closed the glottis and prevented 
intercommunication of the lungs as described above we connected the 
lungs each with a water manometer and destroyed the brain entirely 
by rapidly pithing it. Figure 1, A, shows the effect of such a procedure. 
The destruction at a of the cerebral Ipbes and midbrain wag followed 
by a temporary escape of the lungs from inhibitory control. The 
subsequent destruction at 6 of the medullary centers was followed by 
permanent hypertonic state of the lung as in the frog. In another 
animal whose cord was not pithed at all but which lay quietly on its 
back as a result of a rubber band placed tightly about the front l^js,' 
ligation of the base of one lung was followed by an immediate escape 
of this lung from tonic inhibitory control in a manner identical with 
destruction of the medulla (fig. 1, B). 

' Both in the frog and in the necturus preaaing the front legs tightly together 
with a rubber band renders the animals quiescent, and they will lie quietly on 
their backs for long periods without attempting to turn to a normal position. 
This procedure depresses also some of the skeletal reflexes. 
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It should be noted that in this animal the entire central nervous 
system was intact and that there was the minimum trauma produced 
}n exposing the tip and base of one lung. Nevertheless, on severing 
this limg from its phyaiolc^cal connection with the central nervous 
E^Btem, the typical lung tetanus was produced. The results of this 
type of experiment strengthen our position that the striking peripheral 
automatism of the amphibian lung is a nonnal physiological state and 
not induced by the trauma rendered necessary by the experimental 
procedures. 

From these experiments it would seem to follow that in this animal 
the lung is kept in tonic inhibition by central vagal control. If now 
one proceeds further and stimulatea the peripheral end of the exposed 
vagUB nerves at the base of the skull as was done in many animals, one 
obtuns temporary escape of the lung from the hypertonic state as is 
shown in figure 2. This animal suffered at a an exposure of the anterior 
end of the brain by resection of the end of the upper mandible. This 
operative procedure was followed possibly by a slight inhibition of the 
lung toniis. The medulla was rapidly pithed at b resulting in perma- 
nent hypertonus of the lung. Stimulation of the peripheral end of the 
left and the right vagus at c and d respectively was in each instance 
followed by a temporary inhibition of the lung with an unusually rapid 
return to its hypertonic state. If the peripheral vagus stimulation is 
of sufficient strength the inhibition of the lung tonus usually puts the 
lung back temporarily to the identical tonus state prior to the destruc- 
tion of the medulla. This is additional evidence that the state of the 
hmg tonus in the intact animal is governed by the inhibitory control 
through the vagi. 

Since ligation of the base of the lung effects the same result as de- 
struction of the medulla, namely, an escape of the lung from its state 
of inhibitory control, it might be expected that electrical stimulation 
of the base of the lung would cause an inhibition comparable if not 
identical with stimulation of the peripheral end of the vagus. Figure 
3 records the result of such an experiment. The lungs being in a state 
of hypertonus as aresult of destruction of the medulla by pithing, stimu- 
lation of the vagus of the right lung at a caused an inhibition which is 
virtually duplicated by stimulation of the base of the left lung at b. 

It appears to us from these observations that there is no escape from 
the conclusion that the vagi nerves possess inhibitory fibers for the 
lung which under normal conditions exercise a maximum inhibitory 
control over the lungs by tonic impulses from the medullary centers. 
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b. Peripheral lung rhythm. In two instances the lungs of necturus 
showed a type of tonus rhythm seen occasionally in the frog. Figure 
4, A and B, are records taken from these animals. In figure 4, A, 
this tonus rhythm appeared on pithing the medulla at a. Here a fast 
and later a slow tonus rhythm is written on the curve indicating release 
of th^ lung from central vagus inhibition. In figure 4, B, the tonus 
rhythm followed a decidedly rapid inhibition resulting from faradiza- 
tion of the base of the lung at a with a strong tetsnizing current. 

The interpretation of these results is based entirely upon speculation. 
It is possible that the rhythm which appeared as a result of the destruc- 
tion of the brain (fig. 4, A) arose from occasional inhibitory impulses 
reaching the limgs through the vagi from more or less intact portions 
of the medulla which escaped complete destruction during the pithing 
of the latter. The tetanization with a strong current of the base of 
the lung in figure 4, B, at o might have effected changes in the physi- 
olc^cal state of the automatic tissue present in the lungs which initiated 
an occasional and recurring refractory state of this peripheral automatic 

Fif. 1. Wftt«r'in&noiiieter tracingfl of the intTapulmonic pressure in necturus. 

A: Spin&l cord cut and destroyed below medulla, cannula in tip of lungs. 
Glottis closed by dorsal traction on front legs. Lungs isolated by ventral median 
incision; a, destruction of cerebral lobes and midbrain; 6, destruction of the 
medulla. Showing permanent lung hypertonus on destruction of medulla. 

B: Animal rendered quiet by tying rubber band around front legs, placed 
on dorsal side, no restraint, with water running over gills. Abdominal incision 
at base and tip of lung; x, ligation of base of lung. Showing permanent lung 
hypertonus identical with that following destruction of medulla. Time tracing: 
A second intervals. 

Fig. 2. Water manometer tracings of the intrapulmonio pressure in neoturua. 
Upper tracing, left lung; lower, right lung. Spinal cord cut and destroyed 
below medulla; cannulae in tips of lungs. Lungs isolated by a ventral median 
inoision. Glottis (trachea] closed by pressure exerted by dorsal traction on 
front legs. 

a. Transverse section of upper mandible exposing anterior end of brain. 

b. Pithing brain. 

c. Stimulation of left vagus at base of skull. 

d. Ditto, right vagus. 

Showing hypertonus of lungs induced by destruction of the medulla, and 
inhibition of this tonus by vago stimulation. 

Fig. 3. Water manometer tracings of the intrapulmonio pressure in necturus. 
Cannnlae in tips of lungs. Spinal cord and brain destroyed. Lungs in hyper- 
tonus. Upper tracing, left lung; lower, right lung; a, stimulation of right vagus 
at base of skull; b, stimulation of base of left lung. 

Showing identical inhibitions of the lung tonus by vagus and by direct lung 
(baM) stimulation. 
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Fig. 4. Wftter m&nometer tracingi of the intrikpulmonic presaure in necturus. 
Cannula in tip of lung. Spinal cord cut and destroyed below medulla, lungi 
isolated by ventral median incbion. 

A: A pithing of the medulla ebowii^ a tonus rhythm of the lungs following 
destruction of the brain. 

B: Lung in hypertonus from destruction of the brain; a, direct stimulation 
of the base of the lung with a weak tetaniiing current. 

Showing primary inhibition of lung tonus fallowed by a tonus rhythm. 




Fig. 5. Water manometer tracings of the intrapulmonic pressure in necturus. 
Cannula in tip of lung. Brain and spinal cord destroyed, giving the lungs per- 
manent hypertonus. 

A: a, injection 0.6 cc. adrenalin; b, 0.6 oc. of (1 : 1000) adrenalin inScc. Ringer's 
into heart. Showing inhibition of lung tonus by adrenalin. 

B: a, injection of 3 mgm. nicotine into heart, showing inhibition of lung 
tonus by nicotine. 

C: a, injection of 0.6 cc. hietamine (1-1000) into heart after partial recovery 
of preparation from a previous injection of nicotine. Showing direct stimulating 
action of hietamine on lungs after paralysis of inhibitory nerve mechanism by 
nicotine. 



,yGooglc 



VIBCBtUL 8ENB0BT NXBTOUS ST8TEM 131 

mechanism, the iohilHtioQ of the hypertonic state of the lung giving 
rise to the appearance of a rhythm. 

e. Reflex Itmg conircuitiont aa a result of cutaneous stimulaiion. We 
have been unable to effect reflex contractions of the lungs of the necturus 
by electrical or mechanical stimulation of cutaneous nerves anterior 
to the spinal transection. 

d. The action of pttuiirin, kistamine, nicotine and adrenalin on the 
hypertonua of limg. In most of the work on drugs a cannula was tied 
into butbua arteriosus. The drug was diluted with Ringer's and the 
injections made under moderate pressure through the bulbus. The 
method was poor even under favorable conditions. Direct intravenous 
injection was out of the question because active circulation through 
the lungs was absent in every animal althou^ heart appeared in good 
condition. Even when the drug was injected under pressure we never 
felt certain that it reached all parts of the lung. This was due partly 
to the peculiarity oi the pulmonary circulation in this animal and partly 
to the fact that a good deal of the fluid containing the drug escaped 
frcon the vesaels ruptured in destroying the brain and isolating the 
vagi. 

A^enalin. The injection of adrenalin caused a marked inhibition 
pf the hypertonic lung as is recorded in figure 5, tracing A, at a and b. 

Pituitrin. According to the commonly accepted view, pituitrin is 
a direct stimulant of smooth muscle tisEue. We were somewhat sur- 
prised to find that this drug in small or lar^ doses causes a prcnnpt 
and marked inhibition. Figure 6, j1, is a record taken from an animal 
which suffered destruction of the medulla at a followed by a hypertonic 
state which was markedly reduced by the injection of pituitrin. at b. 
The slow recovery is also recorded. No attempt was made to deter- 
mine the pdnt of action of intuitrin. Pituitrin not only caused a 
relaxation of ^e lui^; but when weak solutions of this drug were used 
to irrigate the intestines all intestinal movements ceased after a short 
latent period. Jt would seem, therefore, that in these ^nimftlH pituitrin 
does not act as a direct muscular stimulant but rather as a stimulant 
of the inhibitory mechanism. 

Histamine. Figure 6, B, illustrates at c the typical inhibitory effect 
of this drug in an animal whose lui^ were in hypertonus as a result 
of destruction of the medulla at b. Both Itmgs showed pronounced 
relaxation with very slow recovery. In all types of animals other than 
necturus this drug causes a more or leas powerful contraction of the 
lung musculature (turtle, frog). Necturus proved to be an exception ' 
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to the generally accepted view that the drug supposedly acts as a 
direct muscular stimulant. The results obtained suggest the possibility 
that the drug acts primarily on the inhibitory mechanism. We there- 
fore attempted to eliminate the latter by means of nicotine. As a 
matter of fact we found that the injection of histamine after previous 
nicotinizatioQ effected a contraction of the lung in every instance as is 
recorded graphically in figure 5, C at a, 

NicoHne. It will be recalled that this drug acted on the frog's lung 
in a manner similar to section of both v^. We furthermore showed 
that in this animal the drug acted by paralyzing the inhibitory center 
in the medulla as well as the vagus inhibitory terminations in the lungs; 
for we foimd that after nicotinization stimulation of the peripheral 
end of the vagus gives rise to a lung contraction instead of the inhibition 
seen before giving this drug. 

The subcutaneous or deep muscular injections of large (5 to 10 mgm.) 
doses into the normal intact necturus is in 15 minutes followed by 
general clonic convukdons with an increase in the rate and amplitude 
of the gill movements. Tetanus of the gills supervenes and active 
external respiration comes to an end some time before the general 

Fig. 6. Water manoiiieter tracings of the intrapulmonic pressure in necturus. 
Cannula in tip of each lung. Spinal cord cut and destroyed belov medulla. 
Lungs isolated by ventral median incision. Glottis and tracheal sac closed by 
mechanical pressure through dorsal traction on front legs. 

A: Upper record, left lung; lower, right lung; a, pithing of brain; h, injection 
of0.5cc. pituitrin in 5 cc. of Ringer's solution into heart. Showing inhibition 
of lung hypertonuB by pituitrin, 

B: Upper tracing, left lung; lower, right lung; a, section of upper mandible 
exposing anterior end of brain; 6, pithing of brain; e, injection of 0.7 cc. hista- 
mine (1-1000) in 5 cc. Ringer's solution into heart. Showing inhibition of lung 
bypertonus by histamine. 

Fig. 7. Axolotl. Water manometer tracings of the intrapulmonic pressure. 
Spinal cord pithed and destroyed below level of innervation of front legs. Lungs 
isolated hy abdominal incision; cannula in tip of lungs. Glottis open. Spon- 
taneous respiration (quick movements of lever) except where indicated. 

A: a, Gentle mechanical stimulation of gills. 

6, Gentle mechanical stimulation of skin of front legs. 

e, Gentle mechanical stimulation of skin of mandibles. 

d, Strong mechanical stimulation (pressure) of toes of front leg. 
X, strong Attempt at respiration (swallowing). 

B: a. Moderate mechanical stimulation of the gilla. 
b. Gentle stroking of skin of front leg. 

e. Strong mechanical stimulation of the gills. 

Showing lung contractions following spontaneous respiratory movements and, 
on stimulation of various sensory nerves. 

louaHii. or pBTUOLoaT, t<m. H, ho. 1 
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eoDvulsioDfi cease. The lungs of such animals were found contracted. 
Pithing the brain, alimulation of the vagi themselves, or atimvlation of 
the lung iUelfai its base were teilhoui effect. 

If the dose of nicotine injected subcutaneously is reduced still further 
(2.5 to 1 mgm.) the same symptoms appear in 10 to 15 minutes but 
are less severe. Pithing of the brain or stimulation of the vagi is again 
without effect. Direct stimulation of the lung at its base with a strong 
tetanizdng current gives rise to an inhibition of the lung without any 
or with but feeble return. 

From these results it would appear that a, the lungs of this amj^bian 
is supplied only with inhibitory fibers through the vagi; b, that nicotine 
paralyzes the respiratory center for the lungs and also the junction 
between the preganglionic fiber endinp and poetganghonic cell body, 
since external respiration ceases with the lungs in hypertonus and since 
stimulation of the base of the lungs will still yield inhibition when 
stimulation of the vagus nerve itself ffves nothing; c, the vagus nerve 
contains no motor fibers for the pulmonary musculature. Without 
commenting at this time on the possible significance of this fact, we 
call attention to the fact that in this most primitive lui^ which we 
have studied, the lung is solely under the tonic influence of inhibitory 
fibers carried by the vagi and motor fibers are apparently absent. We 
have been unable to eUcit a motor response of the lung either t^ stimu- 
lation of the vagi or the lung itself in any normal or nicotinized animal. 

The apparent resistance of the peripheral lung mechanism to this 
drug compared with that of frog may possibly be due to the rather 
sluggish and imperfect circulation through the lungs. 

i. AxoloU. Earher in this paper we called attention to the fact that 
the axolotls with which we worked, although possessing gill r^nnants, 
were essentially air-breathing animals; and that the lungs were decidedly 
better developed for that purpose than the lungs of the necturus. 

a. Lung conira^Hons at the end of Tiormal Tespiration. Records were 
taken of the changes in the intrapuhnonic pressure occurring during 
normal respiration with the glottis open. It can be seen from figure 
7, B, that every spontaneous respiratory effort (gulp) as indicated in 
the tracing of the quick movement of the lever is followed by con- 
traction of the lui^. These lung contractions compare favorably with 
those obtained under similar experimental conditions from the iro%. 

h. Reflex lung contractions. Gentle mechanical stimulation applied 
to the skin of the mandible, gills or front legs induced lung contractions 
of reflex origin as is seen in figure 7, A, at a, b and c. In these three 
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instances the lung contraction appeared without a preceding attempt 
at respiratioQ. Subsequent attempts at respiration were followed in 
each instance by lung contractions in every way similar to those of 
reflex or^in induced by gentle stimulation. It is obvious that the con- 
tractions are not the result of changes in the intrapulmonic pressure 
due to movements of the animal during external respiration; for they 
occur in the absence of all visible movement of the head region. 



Fig. 8. Axolotl. Water maaometcT tracings of the intrapulmotiic presBure. 
Spinal cord transected below medulla and pithed posteriorly. Cannula in tip 
of lungB, lungB isolated by median abdominal incision. Glottis closed by forceps. 
All injections intravenouily (in 2 cc. Ringer solution). 

A: Lower tracing, right lung; upper, left lung. 

a. Transection of upper mandible exposing anterior end of brain. 

b. Pithed brain. 

c. Injection of 1 cc. 1:10,000 adrenalin. 
B: a. Pithed brain. 

b, Injection of 0.01 ee, 1:1000 histamine. 
e. Injection of 2 mgm. nicotine. 

Showing the inhibitory action of these drugs on the lung hypertonus follow- 
ing destruction of the brain, the latter being equivalent to section of the vagi 



Strong mechanical stimulation of the fore I^s or gills may lead to 
partial or complete opening of the ^ottis with partial or complete 
collapse of the lungs as is illustrated in figure 7, A, at d, and figure 7, B, 
at a, b and c. Strong attempts at respiration after marked stimulation 
of pain fibers as at xxx in figure 7, A, were not followed by the filUng 
of the lungs until considerably later. It might be assumed that the 
strong stimulation interfered temporarily with the central control of 
the mechanism normally at the service of the animal in fillii^ its lungs 
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with air ot depreseee the central inhibitoiy cdntrol over the lunga. 
If the latter is the correct interpretation the ftnimH.! failed to fill its 
lungs in spite of violent respiratory attempts because of their hypertonic 
state. Although we have no direct evidence on this matter the latter 
interpretation seems to be the more probable one. 

c. The central inh^ntory conirol of the lun^s through the vagi. It is 
certain that in the axolotl the medullary centers exert, under normal 
conditions, a tonic inhibitory control over the lungs as in the frog and 
necturus; for as a result of the destruction of the medulla which is 
equivalent to section of both v^ (as in fig. 8, ^, at b) both lungs go 
into a state of hypertonus. 

d. Action of certain drugs on the hypertonic lungs. Adrenalin. This 
drug temporarily inhibits the hypertonus of the lungs resulting from 
destruction of the medulla as seen in figure S, .<1 , at c. 

Histamine. In axolotl the intravenous injection of 1 mgm. of his- 
tamine-HCl caused inhibition of the lung musculattu% not tmlike the 
action of this drug in the hypertonic lung of necturus (fig. S, B, at h). 

NiaOine. The invariable effect of nicotine on the hypertonic lung 
of the axolotl is inhibition (fig. 8, B, at c) . 

As previously noted we were not only restricted to a few animals in 
study of this form but found that the physiolo^cal state of the animala 
rapidly declined as the result of our operative procedures. The axolotl 
furnishes a less hardy physiological preparation than the fn^ or necturus. 
As f ar ae our results go they check with those obtained from the frog 
and necturus. 



1. The va^us center exerts a tonic inhibitory control over the lungs. 
Destruction of the medulla releases the lung from this control. As 
a result, the lungs assiime a state of more or less permanent hypertonus 
(necturus and axolotl). 

2. Electrical stimulation of the peripheral end of the vagus nerves 
causes a temporary inhibition of the hypertonic state of the lui^, 
only on the side of stimulation, during and for some time after the stimu- 
lation (necturus and axolotl). 

3. The efferent vagi fibers to the lungs are solely of the inhibitory 
type. We have never seen the slightest indication of a motor response 
on stimulation of these nerves. Unlike the frog, the vagi of these forms 
of amphibian life possess few if any motor fibers for the lungs (necturus 
and axolotl). 
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4. Electrical stimulation of the base of the lung yields the same results 
as stimulation of the peripheral end of the vagus (necturus and axolotl). 

5. We have been able to elicit reSex lung contractions from gentle 
mechanical stimulation of cutaneous nerves only in the axolotl. In- 
tense stimulation of sensory nerves (pain) probably prevents filling of 
the lungs during attempts at respiration because of a hypertonic con- 
dition of the lui^ due to an inhibition of the inhibitory center. 

6. There may appear as a result of destruction of the medulla or 
strong faradization of the base of the lung a tonus rhythm in the dener- 
vated lui^ of the necturus. This rhythm has not been seen in axolotl. 

7. Adrenalin, pituitrin, histamine and nicotine cause a marked 
inhibition of the hypertonic condition of the lungs resulting from the 
destruction at the medulla. Histamine injected into the animal after 
nicotine causes a contraction of the lung. In axolotl thrae drugs act 
in the same direction. Pituitrin was not used in this form; nor was 
histamine injected after nicotinizatioD of the animal. 
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During a study of the effects of certain typical acids, bases and salts 
upon living planarians {Planaria dorotocepkala, P. maculaia and P. 
vdata^, observations were made which are here reported on account of 
the wider interest of their bearing upon tolerance of H+ and 0H~ ions, 
upon the relative efficiency of the mechanism for regulation of neutrality 
in young and old individuals, and upon the problem of acidosis in 
general. 

Methods. A closely graded series of concentration of the acids (hy- 
drochloric chiefly, also sulfuric and acetic) or alkali (sodium hydroxide) 
is made up from standardized N or 0.1 N solutions by dilution with 
aerated well water or other (Lake Michigan or Lake Ontario) water in 
which the worms live and thrive. The well water, which was used 
chiefly, has a pH value of 7.5 to 7.6 and an ion and gas content to be 
published with the lai^r study above mentioned. Both distilled water 
and strongly chlorinated tap-water are in themselves injurious to these 
worms and hence could not well be used for the purposes of these ex- 
periments; but similar tests are now being made with P. maculaia in 
distilled water, this species being but little affected by distilled water 
in the period of time required. 

Into the series of dilutions of an acid or alkali in 500 cc. or 1000 cc. 
Erlenmeyer flasks, filled and ready to be plugged with rubber stoppers, 
are introduced the flatworms, usually ten larger (18 to 20 mm.) and 
ten smaller (8 to 12 mm.) specimens together, all selected sound from 
estabhshed well-fed cultures. In some cases a similar group of three 
easily distinguishable sizes was used (22± mm., 15± min. and 8± 
mm.). In control flasks all such individuals live practically indefinitely. 
13S 
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The hydr<^n ioo coacentratiooB, already in a graded series from the 
' method of dilutii^ the normal solution, are measured and corrected at 
critical points by the colorimetric method with appropriate indicators: 
thymol-blue, brom-phenol-blue, methyl-red, brom-cresol-purple, phe- 
nol-red and phenol-phthalein, and the Hynson, Weetcott and Dunning 
apparatus (1). Certain difficulties were encountered from the fact that 
glassware requires particularly thorough cleaning after each usage, and 
because strong acids added to water containing so much carbonate aa 
do these naturally generate COi and such solutions tend to return grad- 
ually toward neutrality. But these facts have no great significance here 
except as they render impracticable a precisely accurate determinatioD 
of the actual limits of tolerance, sa may be made in distilled water and 
by electrometry. In all cases it was the relative rather than the abso- 
lute susceptibility that was sought and that is here emphasized. 

Extensive physiological studies of planarians have been made by Child 
(2) , (3) , who showed for P. dorotocepkala by various means that the small- 
est worms (up to about 6 or 7 mm.) consist of but one zooid, while the 
medium-sized ones (12 to 14 mm.) usually possess a second zooid region, 
and larger specimens (20 to 25 mm. or more) exhibit at the posterior 
end a third zooid or group of very small zooids, constituting what is 
essentially a "growing tip." At least the chief, the second and the 
third of thesezooids were demonstrable physiologically by both "direct" 
and "indirect" methods in cyanides, but only after fission do the typical 
head structures of the zooids become visibly differentiated morphologi- 
cally. The growing tip is evidently involved repeatedly in the reproduc- 
tive process; hence as this region grows its zooids become more independ- 
ent and acquire a higher rate of metabolic reaction and, hke young indi- 
viduals, are more susceptible to h^h concentrations and less susceptible 
to low concentrations of lethal agents (KNC, anesthetics, etc.). 

EzperimeTital. The chief observations are recorded and summarized 
graphically in the accompanying figure. The time records are averages 
from repeated tests made of each dilution; such averages for separate 
tests show but small deviations from the general average, but individ- 
ual deviations are often large and overlapping wherever the curves he 
close together. Dr. C. M. Child, to whom the writer is indebted for 
many opportunities and suggestions in this work, has recently used 
these experiments as part of a class course at the University of Chicago. 

Acids. Immersed in HCl solutions that kill almost instantly (e.g., 
in acidities greater than about pH = 2) all worms are fixed and pre- 
served intact (range of preservation). In lower concentrations, from 
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pH = 2 down to about pH = 4.5, all individuals are killed and caused 
to disintegrate, the older somewhat later and more slowly than the ' 
younger (range of direct susceptibility and inhibition). In this disin- 
tegration all r^ons of the body are not equity and simultaneously 
involved, but usually the posterior tip and the head are first attacked 




;. ^ 



Fig. 1. Time in taoura of diatinct initial disintegration of jroung worma 

o o and old worms x x in solutions of different pH 

values (abaoieaae) up to pH = 10. Small uumbers below abscissae indicate 
Toliunee of well water added to one of N/IOHCI (left) or NaOH (right). 

Below pH ■■ 2 ± is th« range of preservation or fixation. Then follows 
with inoreasing dilution up to pH 4.4 ± the range of distinct direct susceptibility 
which grades off bj a transition range into the range of acclimation or indirect 
susceptibility. 

With NaOH the range of preserratioa is evidently absent, direct Busceptibility 
differences between young and old much more marked, and the indirect suscepti- 
bility differences less marked than with acids. 

and then the regions behind the head in order from in front backward; 
and, as m^ht be expected from the small differences in direct suscepti- 
bility between youi^ and old, the anterior end of a second zooid is not 
distinguished. As the acidity approaches pH = 4.5 or pH == 4.6, the 
age difference in survival time decreases more and more and finally 
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becomes nil, Eind d^integration does not disciiminate between the small 
and the large. In still more dilute solutions, however (pH = 4.7 to 
4.9), where death is delayed for several hours and a certun amount of 
recovery from the initial inhibitory effects of the agent is pebble, the 
relative susceptibility of youi^ and old individuals is reversed (range of 
indirect susceptibility and acclimation), and smaller worms disfntegrate 
last or not at all, while lu^r ones either disintegrate entirely or lose 
their bead r^on. Posterior zoOids axe left intact, and the posterior 
part of the first so^d was never seen to disint^rate before the anterior 
end. Often the young worms live for days or indefinitely after the old 
are partially or wholly gone. Recovery tests, made by returning young 
and old ^ike to fresh water after various periods of exposure to the 
f^ent, are even more delicate in their indication of the sites and d^rees 
of injury, and were used to extend and confirm the results obtained by 
leaving the animals in the i^ent up to the end of the experiment. 

A more or less definite sequence of chai^^ leads up to the final dis- 
integration with acids. After the initial stimulation, during which the 
flatworm assumes for a time a slender form, moves rapidly and secretes 
some mucus, it gradually loses its power of adherence to the glass walls 
of the container and becomes shortened, cylindrical and swollen. This 
state is soon followed by discoloration or whitening, the loss of color 
occurring, as noted, first at the sensory tip, margins and ventral sur- 
face of the head and gradually extending backwards, often more rap- 
idly on the ventral surface, and in larger individuals bei^nning early 
also at the growing Up. The whitening appears to indicate that semi- 
permeability or some similar property of the surface layer has been 
abolished at the approach of death, for following close upon the loss of 
pigment occur disintegrative changes of a characteristic kind: as the 
parts become sticky and adherent to glass the regularity of the external 
contour is interrupted by small breaks in the continuity of the surface, 
the protoplasmic granules swell and mass into small clumps or liquid 
spheres and scatter out into the medium until finally little remains of 
the old body but a soft white shreddy outline composed of the more 
resistant connective and supportii^ tissues quite stripped of all the 
relatively susceptible epithelial parts. 

Results differ in no essential way if sulfuric acid in sli^tly higher 
concentrations be substituted for the hydrochloric, or if a considerably 
greater strength of acetic acid be used — the difference probably being 
necessary to compensate for the lesser dissociation of the oi^anic acid. 
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A change of response occurs upon addition of acid to the normal 
medium. The planarians then exhibit a fairly strong negative geo- 
tropism, climbing always up the walls of the container, whether in doing 
BO they approach or attain a surface or not. Since strong acids cause a 
release of CO] into the solution, the response may perhaps be consid- 
ered generally appropriate and adaptive, inasmuch as ordinarily an 
increase of Cd is doubtless associated with an insufficiency of oxygen (to 
which a similar response is made) and both could doubtless be avoided 
by risii^ to a better aerated surface layer. 

AUcali. In alkaline solutions the same general results are obtuned 
with certain more or less significant modifications. In the hydroxide 
(NaOH) Btimulation is evidently more marked than in acids, and both 
whole worms and surviving parts of any size are more active both spon- 
taneously and upon mechanical stimulation up to the very point of 
death. Alkalies also cause the secretion of a very excessive amount of 
mucus, which collects, as often as removed, in the bottom of the vessel. 

Even quickly killing concentrations do not produce a definite fixation 
and preservation. Disintegration, if rapid, occurs, by a rather violent 
process of splitting and burst'ing of the dorsal surface in darkened lines; 
if slow, it begins at the margins and dorsal surfaces of the head and the 
posterior tip, and in larger specimens may also appear at what is pre- 
sumably the anterior end of the second zooid. 

Results with NaOH differ from those with HCl and resemble more 
nearly those with KNC in one respect — in the slowly acting concen- 
trations, allowing partial acclimation of the larger animals, death some- 
times begins at the posterior end of the first zooid and proceeds forward, 
while the head region of the first zooid and all of the posterior zooids 
remain intact for some time or indefinitely. In short the details of 
disintegration with this alkaline agent resemble those with most "acid 
dyes," while "basic vital dyes" rather resemble acids in their effect 
(unpublished work). 

By the method of direct susceptibility there is much greater differ- 
ence in survival time of young and old with NaOH than with HCl, tiie 
old surviving about twice as long as the young. The effective range of 
concentrations for indirect susceptibihty, on the other hand, is less 
extended than with acids. 

It will be noted that the range of critical concentrations, within 
which young animals and young parts only are able to regulate sl^t 
H+ ion alterations, is a comparatively limited one and lies just beyond 
the limits resisted by all alike. Thus increase of H+ ion up to pH = 
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4.9 on the one side or of 0H~ ion to about pH = 9.1 on the other come 
within the normal range for all members of the species; slight additional 
changes (from pH = 4.9 to pH — 4.8 or 4.7 and from pH = 9.1 to 
pH == 9,2 or 9.3) can be met by the young individuals and parts alone; 
still greater changes are beyond the powers of acclimation of any, 
though the old resist the longer. 

The greater tolerance by younger plananans and the posterior zo6id 
region of such dilute acid and alkaline solutions is almost certunly only 
another exiunple of the greater power of acclimation to mildly depresft- 
ing conditions associated so generally with more active metabolism (3). 
In fact the general principle underlying the indu-ect susceptibility 
method is founded on the discovery that organisms or parts of organ- 
isms possessing an mtenser metabolism can acclimate or acquire toler- 
ance more quickly and more completely than less active oi^anisms or 
parts to low concentrations of cyanides, narcotics, etc. Child also 
showed later that the anterior, ventral and median regions (the regions 
of high direct susceptibiUty and presumably of most rapid metabolism) 
in Echinoderm and Annelid embryos, developing in low concentrations 
of NaOH, alcohol or HCl in sear-water, acclimated or acquired tolerance, 
or after temporary exposure recovered most quickly and underwent a 
proportionately accelerated and increased development in the larvae (4). 

The explanation of this power of acclimation is not known, but may 
be in some way associated, as regards acids and alkahes, with differences 
in protoplasmic conditions, such as the higher percentage water content 
of metabolically active parts or individuals. If this water carries, as 
seems probable, at least an equal proportional and a greater total Bait 
content, such inorganic salts of these as are bufier-acting substimcea 
(carbonates, phosphates, etc.) would act here much as in mammalian 
blood, to increase resistance to additional H**" and 0H~ ions in the 
medium. Or, if a greater proportion of mid-products of protein metab- 
olism, or more ionized protein, be present during rapid metabolism, then 
these amphoteric substances may serve as acids or bases according as 
there are excess bases or acids in the medium. Naturally such buffers 
and metabolites would be protective only against slightly and slowly 
injurious concentrations; with higher concentrations the projective 
action is quickly overcome and the ^ent may diffuse and act most 
rapidly in the parts with greatest water content. 

The acid or alkali effects may of course be produced through injury 
to some enzyme or enzymes essential to continuance of metabolic proc- 
esses. Inasmuch as the almost 'universally occurring enzyme, cata- 
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lose, may eventually be shown to play some r61e in metabolism generally 
and in oxidation in particular (5), the writer wishes to record here the 
results obtained from numerous experiments to determine the catalase 
content or activity of planarians of different t^es. It was found that 
equal wei^^ts of crushed youi^ worms (8 to 15 nmi.)imaturer worms 
(18 to 20 mm.), and of very old worms (25 to 30 mm.) liberated in 15 
minutes at 22°C. from 1^ per cent unneutralized hydrogen peroxide the 
following quantities of oxygen respectively per gram we^ht of tissue : 
653.3 cc, 460.4 cc. and 317.6 cc. Without a single exception, in many 
repetitions of the experiment, the rule was found to hold that the larger 
(older) the worm the hwer is the aUalase content. It is of interest to note 
that the oxygen consumption of young planarians has been found to 
be from 15 per cent to 100 per cent greater than' that of old ones (6), 
showing a higher basal metabolism, just as the Benedict method does 
for man. 

Some significance should be attached to the fact that though there 
are such large differences in direct susceptibility of young and old with 
alkalies, these differences are small with acids; while, on the contrary, 
though the differences by indirect susceptibility are small with alkalies, 
they are larger with acids. The young are andenUy comparaiively and 
(Asolulely less reststaiU to alkalies, but relatively more resistant to aads. 
With advancing age there would appear to be a decreased relative resist- 
ance to acids and an increased relative resistance to alkalies — a set of 
changes such as would result from a gradual onset of a state of acidosis 
and the more or less incomplete oxidation of the larger-acid products 
left from a state of lowered metabolism. MacNider (7) has shown 
that as age advances the acid-base equilibrium of manmials is more aod 
more easily disturbed or overtaxed; that uranium nitrate, for instance, 
is more toxic to the old than to the young and produces sooner in the 
old a condition of true acidosis (8), characterized by a depletion of re- 
serve carbonates in the blood, etc.; and that the aged, after uranium 
treatment, received intravenously without injury considerably more 
alkali than did the young. 

For all the species used by Child (4) in controlling form and propor- 
tions of developing embryos, he foimd that "the agents which are most 
effective in producing the differentially inhibited type of form are leetat 
effective in producing the types of form characteristic of differential 
acclimation, and vice versa," his series being effective in producing ac- 
climation types in the order: HCl, alcohol, NaOH, NH4OH, KNC. 
Thus acclimation was rapid in acids and alcohol, slow in NaOH and 
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NH(OH, and exceedingly slow in KNC. A Bimilar contrasting physi- 
olf^cal effect between HCl and NaOH is here sbown by other means 
for fresh-water planarians. 

Comparing allied species with P. dwolocepkaia it may be said that 
in general P. maeuiata has a slightly wider range of normal tolerance, 
while P. velaia is distinctly less resistant to acids and more resistant to 
alkalies. 

SUHMAST AND CONCLUSIONS 

1. Planaria dorotocephala of all ages used tolerate HCl up to about 
pH 4.9 and NaOH up to about pH 9.2 in the well water (pH = 7.5 to 
7.6) in which they live, i.e,, they tolerate a range of pH from 4.9± to 
about 9.2 ±. 

2. Smaller, physiologically younger, individuals are on the average 
tolerant of a slightly wider range of hydrogen ion concentration (from 
pH = 4.7 to pH = 9.3) than are larger, physiologically older individu- 
als, this difference of susceptibility being apparently somewhat greater 
on the acid than on the alkaline side of neutrality. The young possess 
a greater power of neutrality-regulation than do the old, explanatory 
si^fgestions for which are offered. 

3. In concentrations of alkali which kill within a few boiu^ suscep- 
tibility is reversed in relation to age, the young being very much more 
susceptible than the old.' In similar concentrations of the acids young 
specimens are likewise on the average more susceptible, but only slightly 
more so. In other words, h^h concentrations of 0H~ tend to increase 
and high concentrations of H'*' tend to diminish differences in direct 
susceptibility between yoimg and old individuals. This su^^ests a 
possible increasing average acidity with senescence and decreasing 
metabolism. 

4. Young planarians have about double the catfdase content of old 
planarians per gram weight of tissue. 

5. In acid solutions liberating COi, in which worms Uve for some time, 
they commonly assume, as in conditions of oxygen deficiency, a nega^ 
tive geotropism of an obviously adaptive nature as a normal means of 
escape from excess CO]. 

6. lliese facts indicate the necessity of taking into account the factors 
of age, size and metabolism in defining range of tolerance to agents and 
conditions. 
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Theee studies were undertaken to ascertain whether or not the 
alkaline reserve of the blood of the insane shows any significant differ- 
ences from that found in the blood of normal individuals, and whether 
or not the blood of the various types of insanity studied vary one from 
the other in their carbon dioxide combining capacity. During the 
course of the investigation certain other material was obtained which 
will be briefly discussed. 

The subjects of these studies were patients at the Penosylvauia 
Hospital, Department for Mental and Nervous Diseases, Philadelphia. 

Since Van Slyke, Stillman and Cullen (1) have shown that a slight 
rise in plasma carbon dioxide tension usually follows eating, the samples 
of blood to be ana'yzed were taken at the uniform hour of eleven o'clock 
in the morning, three and a haif hours after breakfast, unless otherwise 
noted. The blood specimens were drawn from an arm vein with a 
Record syringe containing a small amount of potassium oxalate. Care 
was taken to avoid the suclcing in of air. After filling the syringe the 
point of the needle was plunged under paraffin oil contained in a small 
test tube and 2 cc. of blood expressed and centrifuged. The plasma 
was then pipetted off and the carbon dioxide capacity determiaed as 
described by Van Slyke (2), and Van Slyke and Cullen (3). The deter- 
mination was carried out two or three times on one and the same sample 
and the average adopted as the result. 

A general amiparison of the findings obtained from exdied and depressed 
cases. It is well known that not only mechanical but also psychic 
activities have great influence upon respiratory and circulatory fimc- 
tions (1), and that the alveolar carbon dioxide tension under ideal 
normal conditions indicates the level of the blood bicarbonate, but 
since the alveolar carbon dioxide tension is altered by numerous factors, 
psychic, physiological and patholc^cal (4), it is not a reliable measure 
147 
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of the blood bicarbonate except when it is certain that both the mechan- 
ical and nervous factors controlling respiration are normal. 

With these facts in view an attempt was made to determine whether 
or not any relation existed between the plasma carbonate and conditions 
of excitement and depression. The figures in table 1 give the plasma 
COj capacity in twelve cases classed as depressed and ten individuals 
exhibiting excitement. 

It will be seen that in general terms all the values fall within normal 
limits and that no significant differences can be observed between the 
two groups. The mere fact that no differences occur in these two groups 

TABLE 1 

The alkaline reaerpt of the blood of the excited and depreeeed insaite 

Cubic centimeters of COi reduced to 0°, 760 mm. bound &a bie&rbooBte in 

100 cc. plasma 



.«^,>c«» 




04.42 


72.08 


64.42 


69.14 


63,95 


66.36 


63,57 


66-36 


63.48 


66 36 


62.08 


63.54 


60.20 


59 74 


54.38 


59.68 


51.24 


57.39 


45.04 


55.64 




62.06 




51.18 


Average 60.28 


61.65 



of patients pennits the supposition that in long-continued excitations 
a compensatory reaction occurs sufficient to preserve the normal level 
of the alkaline reserve of the blood, which one would naturally suppose 
to be lowered by consequence of the increased activity. 

The aUcaline reserve of the blood during individual (Jianges in mental 
condition. A confirmation of the general findings that no evident 
differences are to be found in the alkaline reserve of the blood of excited 
or depressed insane patients is afforded by the figures given in table 2. 
These results represent the analyses of the bloods from single individuals 
at frequent intervals over periods of several weeks during which there 
occurred a marked change in mental condition with respect to excite- 
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inent and relative depression. It is seen that in these cases at least 
there failed to occur any consistent change in the alkaline reserve of 
the blood accompanying the change from excitement to depression or 
vice versa. The four individuals studied were all diagnosed as dementia 
precox cases. 

The variafnlity of the cUkaline reserve of the blood of the insane from week 
to week. During the course of theae investigations opportunity was 
afforded to determine the degree to which the alkaline reserve of the 
blood varies in the individual from week to week in eases where the 
general trend of mental condition was uniform. 

The results are given in table 3. The variability is given by the value 
for the average deviation calculated for each individual. An inspection 
of the table shows that although the absolute amounts all fall within 
normal limits and no significant differences occur, yet there are differ- 
ences in the degree of variability to be observed in different individuals. 
Theae differences, however, cannot be evaluated since the data are 
insufficient. 

Table 4 is a compilation of the analyses obtained from 112 bloods 
from 51 individuals arranged in the order of their descending value. 
The figures represent the cubic centimeters of COj reduced to 0°, 760 
mm. bound as bicarbonate by 100 cc. plasma. It is seen that the 
absolute amounts do not exceed the limits usually attributed to normal 
bloods save at the extremes. The main fact of interest lies in the 
relatively low variability of this blood factor which is comparable with 
that obtained for the average deviation of the blood creatinine nitrc^en 
in similar patients (5). 

In table 5 there have been arranged the values representing the 
average amounts, the average deviation, and the range of fluctuation 
of the alkaline reserve of the blood according to diagnosis. From the 
data it is evident that no signiflcant differences obtain in the absolute 
amounts of the alkaline reserve of the blood in the different types here 
studied. It should be noted, however, that there is a tendency for 
the variability of this blood factor to be greater in the mentally dis- 
turbed than in normal individuals. 

The alkaline reserve of the blood taken three arid a hidf and fourteen 
hours after eating. Since it is often inconvenient to take samples of 
blood early in the morning and before breakfast a comparison wa« made 
of the alkaline reserve of the blood taken three and a half hours after 
breakfast, and fourteen hours after the night meal. The data are given 
in table 3, 
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I of the blood of four dementia precox ptOxerU* during tlalei of 
excitement and %late* of dtpreuion 



•™- 


»„„,„ 


^2iTo^Kr.r 










Excited 












Quiet 






























Depresaed 


















Excited 




















fi6 71 










Quiet 


52.49 



TABLE 1 

The indimdtiol tiariabilitj/ of the tUhaline retertie of the blood of the ttuane a* 

observed from teeek to teeek 

Cubic centimeters of CO: reduced to 0°, 760 mm. bound tu bicarbonate in 100 

cc. of plasma 



.«l 


■>t2 


,„3 


,1^4 


■ BTfi 


.„« 


^7 


..X8 


■m 


■nlO 


■nil 


■nil 


58 46 


,W34 


53.21 


70.07 


64.30 


ll,'i.47 


82.60 


64 12 


74.90 


59.80 


99 20 


72.96 


58.15 


S2.7fi 


a. 4^ 


72.00 


13.42 


M 3f 


13 51 


58.91 


r3.26 


15. 4( 


82,4Q 


b,»3 


66 73 


fflW 


12 .W 


TUX' 


W3( 


57 T"! 


15.51 


<9.Rr 


70. H 


t2.W 


»,7S 


M,38 


65.66 


!».92 


71,02 


75 31 


BM 


17 .Rl 


n.W 


i2.5f 


70. n 


i3,3( 


i3,30 


J7.20 


63.42 


«,31 


VS6f 


74 85 


















63.44 


M.34 


B.42 


73 57 


















69.14 


70,41 






















Average-.. -63. 45 


12.22 


12 .»F 


73.53 MIC 


B.8563.2( 


11 35 


72.11 12. 79166.47 


IW,62 


Variability. 4.0 


7.0 


5 3 


2.3 1.2 1 4,8 1 1.9 


2.7 


2,8 2 3 1 4.4 


5.5 
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TABLE 4 

The earhon. dioxide etmAining capacity of lit bloodt from SI in*an« and normal 
individuaU 



^■^a 


■>...»o«. 


■^^^ 


.,.o.o«. 


^1^^?=' 


■.:..Ho.» 


iS*^"?.' 


»,.ONO.» 


76.38 


M, D. 


66.36 


M.D. 


63 42 


M.D. 


58.90 


D. P. 


76.31 


M. D. 


66.36 


M.D. 


63.42 


N. 


58,62 


D. P. 


74.90 


D. P. 


66 31 


M.D. 


63.42 


I.M. 


58,46 


M.D. 


74.85 


M. D. 


65.66 


M.D. 


63.36 


N. 


58,40 


D. P. 


74.80 


M. D. 


66,50 


D. P. 


63,30 


D. P. 


58,15 


M.D. 


73.57 


M. D. 


65.47 


D. P. 


63.30 


D. P. 


57.78 


D, P. 


73,26 


D. P. 


65.38 


N.- 


63,17 


D. P. 


57,74 


D. P. 


72.08 


M. D. 


65.30 


N. 


63 09 


D. P. 


57 39 


M.D. 


72.00 


M. D. 


64.77 


D. P. 


62.79 


M.D. 


56.71 


D. P. 


71.04 


N. 


64. *Z 


M. D. 


62.60 


D, P. 


65.94 


M. D. 


71.02 


I. M. 


61 .'^ 


S. D. 


62.56 


D. P. 


56.52 


D. P. 


70.41 


M. D. 


64.38 


D. P. 


62 56 


I.M. 


65,34 


M.D. 


70.17 


D. P. 


64 34 


M.D. 


62.44 


M.D. 


55.10 


? 


70.10 


D. P. 


64.30 


N. 


62.40 


M.D. 


54.38 


M.D. 


70.07 


M. D. 


64,12 


D. P. 


62.08 


M.D. 


54.22 


D. P. 


6ft 53 


D. P. 


63-95 


M.D. 


61.54 


D. P. 


53,92 


M.D. 


69.14 


D. P. 


53.66 


I.M. 


61 52 


D. P. 


53,21 


I.M. 


69.14 


M. D. 


63.61 


N. 


61 33 


N. 


K.97 


D. P. 


69 12 


D. P. 


63.57 


N. 


61.07 


M.D. 


62.75 


M.D. 


69.12 


N. 


63.57 


M.D. 


60.70 


M.D. 


52.66 


? 


68 60 


D. P. 


63.54 


T 


60.66 


DP. 


62.49 


D. P. 


58.51 


M. D. 


63.54 


D. P. 


60,20 


M.D. 


52.06 


D. P. 


68.32 


D. P. 


63,51 


N. 


60,19 


D. P. 


51,24 


D. P. 


67.88 


D. P. 


63 51 


D. P. 


60 03 


N. 


51,18 


? 


67.81 


D. P. 


63.48 


M.D, 


59 80 


D. P. 


50.24 


D. P. 


67.22 


N. 


63.48 


D. P. 


5974 


I.M. 


50,20 


N. 


66.73 


M.D. 


63 48 


I.M. 


59,68 


D. P. 


47,76 


D. P. 


66.36 


M. D. 


63-43 


M.D. 


59,68 


D. P. 


47,61 


? 



Average, 62.99; VariBbility, 7,35; Range, 73,38^7.61. 
M. D., Manic depressive; D. P., Dementia precox; I. A 
axicholia; S. I., Senile involution; H'., Normal. 



, Involutional mel' 



TABLES 

The range o/ fluctuation, average amounti and average devialioria of the alkaline 
reaerve of the blood of the ineane according to diagnowis 



HtnUBB 


.,.„„. 


KAKOB 


iKODNT 


Dtv^TIOn 






47.61-71,04 
K. 76-75 -38 
61.18-71.02 
47,76-74,90 


62.60 

64,42 
61.03 
61.84 


66 












7,7 
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Sets number 7-8-9 are the v&luea obtained after the Bhorter fast, and 
aets 10-11-12 those found after the longer period of abstinence in the 
same individuals respectively. The investigation extended over eight 
weeks, the first four weeks of which being the period when the blood 
specimens were taken once a week after breakfast, and the second four 
weeks being the period when the samples were taken before breakfast. 
It is evident that there are no valid or consistent differences in the 
bloods taken at these times. 



The results of the studies here reported indicate that : 

1. The alkaline reserve of the blood of the insane appears to fall 
within the hmits considered normal for healthy persons. 

2. There are no demonstrable differences in the absolute amounts of 
the alkaline reserve of the bloods from excited or depressed patients 
here studied. 

3. The variability of the plasma carbon dioxide combining capacity 
seems to be higher in the insajie than in the small group of normals 
here studied. 

4. No noteworthy differences obtain in the alkaline reserve of the 
blood taken three and a half and fourteen hours after eating. 

I take this occasion to express my appreciation of the courtesy of 
Dr. Owen Ck>pp in affording me the facilities of the Pennsylvania 
Hospital, Department of Nervous and Mental Diseases. The work 
was carried on under the direction of Dr. Frederick S. Hammett, for 
whose help and advice I am deeply grateful. 

BIBLIOGRAPHY 

. (1) Vak Sltke, SniLMAN, and Cullen: Journ. Biol. Chem., 1917, xm, «)1. 

(2) Vas Sltke: Joum. Biol. Chem., 1917, xxx, 347. 

(3) Van Sltkd and Ccllen: Joura. Biol. Chem., 1917, xxx, 289. 

(4) HioaiNS: This Journal, 1914, xxxiv, 114. 

(5) Hamuett: Journ. Biol. Chem., 1920, xli, 599. 



,yGooglc 



GASTRIC TONUS OF THE EMPTY STOMACH OF THE FROG 

Comparative Studies IV' 

T. L. PATTERSON 

From the Hull Phyaiological LaboralOTy, The University o/ Chicago and Ihe 

Phy»\ological LaboTtttory, Queen't Univertity 

Received for publication July 23, 1920 

Sherrington (1) in 1915 called our attention to the reflex postural 
activity of muscle and nerve as heing the main outcome of the function- 
ing of the proprioceptive part of the nervous system for at least the 
skeletal muscle. He pointed out that the muscle fiber possessed the 
property of exhibiting different lengths while exhibiting one and the 
same degree of tension, and that it was not to be regarded as an elastic 
band. Furthermore, he believes that unstriated muscle, like skeletal 
muscle, possesses the same properties as is shown by the ease with 
which the hollow visceral oi^ns, like the bladder and stomach, adapt 
their eize to the volume of their contents and with very little alteration 
in their intrave^cal pressure. Under these conditions, visceral tonus 
is therefore postural configuration. In confirmation of this Hurst 
(2) found that the relaxation of the rectum was analogous to what 
Sherrington described as the "lengthening reaction" of the "postural 
tone" in the skeletal muscles and in the bladder, and which he at an 
earlier date had described in connection with the stomach and intestine, 
although he had not actually used the expression "visceral tone," In 
case of the skeletal muscle the reflex postural action depends normally 
upon the afferent nerve of the posturing muscle itself, while in the un- 
striated muscle it is far less dependent on the central nervous system 
for its adjustment and maintenance. 

More recently Grey (3) has shown by slowly filling the empty viscus 
with warm physiological saline solution and recording the fluctuations 
in the intragastric pressure that the normal stomach in rabbits and 

' A preliminary report of this work waa made before the 1919 meeting of the 
American Physiological Society at Baltimore, a brief abstract of which was 
published in the Proceedings of that society. 
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cats is capable of adapting ite size to the volume of its contente with 
very small changes in the intragastric pressure. According to this 
investigator, the mechanism involved in the postural configuration of 
the stomach is situated in the wall of the viscus itself and concerns 
solely its musculature together with its intrinsic nervous mechanism, 
while the extrinsic nerves exhibit no direct infiuence, but serve rather 
to regulate the tension of the stomach wall. 

The experiments sununarized in this report were undertaken with 
the view of securing further data on the gastric tonus (postural activity 
— Sherrington, Hurst, Grey] of the neuro-muscular apparatus as ai>- 
plied to the empty stomach. While the term "postural activity" is 
very applicable to the skeletal musculature it appears to me that it 
is not well suited for the unstriated musculature which makes up the 
larger portion of the walls of the hollow visceral organs, therefore the 
older and simpler terminology of gastric tonus will be used throughout 
this paper. The results tend to show that the extrinsic nerves exert 
a partial influence on the tonal activity of the stomach viscus, as well 
as serving to modify and regulate the gastric activity at least in the 
frog. This animal is particularly adapted for such a study for it has 
been shown in a previous paper (4) of this series that the gastric hunger 
contractions show no periodicity and no appreciable change in gastric 
tonus, both features of which are present in the higher animals. In 
contradistinction to the higher animals, the contractions are practically 
continuous with scarcely any diatiuction between the digestive peri- 
stalsis and the hunger movemoots. 

Among the first to make observations upon the internal pressure of 
the hollow visceral ot^ans were Mosso and Pellacani (5) who investi- 
gated the bladder in man and in the dog. These authors found that 
the bladder is capable of adjusting its cavity-volume to different quan- 
tities of content, which it enfolds with about the same Ught tension 
of grasp whether the viscus is nearly empty or well filled. Somewhat 
similar observations have been made upon the fundic portion of the 
stomach. Kelling (6) found that within certain limits the intragastric 
pressure remained unaffected by the quantity of fluid within the viscus 
and that the intra-abdominal pressure altered very little in the dog 
before and after the taking of a copious meal, although the intake of 
the volume of food mi^t amount to 50 per cent of the total contents 
of the abdomen in the fasting condition. He infers from these latter 
observations that the additional volume of contents must be accom- 
modated for by a reflex adjustment of the postural contraction of the 
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abdominal muscles. Pike and Coombe (7) in confirmation of the above 
have reported that the introduction of fluid into the stomach or into 
the peritoneal cavity of cats causes lengthening of the rectus abdominis 
muscle while the Sow of Suid out of the stomach causes a shortening 
of the same muscle. These changes in the length of the muscle are 
small and do not occur if the posterior roots of the spinal nerves supply- 
ing the muscle have been cut, or if the spinal cord has been transected 
at the level of the lower cervical roots. The section of both vagi has 
no marked effect on the response of the muscle. The authors regard 
the chai^ in the length of the muscle corresponding to the increase 
or decrease in volume of the contents of the abdominal cavity as a 
reflex process dependent upon afferent impulses which falls into line 
with other known instances of postural activity of muscle and nerve. 
The observations of Sick and Tedesko (8) and others have shown that 
the gradual filling of a cat's stomach is not accompanied by a rise in 
intragastric pressure and that the excised stcmoach, kept aUve in a bath 
of warm oxygenated Kinger's solution also exhibits the same phenom- 
enon to an unmistakable extent. 

Cannon and Lieb (9) have also brought forth evidence that each 
passing of the cardia by swallowed food is accompanied by a rapid 
small dilatation of the fundus, and that this dilatation is a reflex oper- 
ated through the vagus. Rogers (10) has reported that central stimu- 
lation of one vagus nerve with the opposite nerve intact in the 
decerebrate dog and aft«r complete splanchnic section leads to reflex 
spasmodic contractions of the entire stomach and increased gastric tone. 
Therefore it would appear that tbe adaptabihty of the nonnal stomach 
at all times is a form of receptive expression brought about by changes 
in the intragastric pressure as the volume of its contents slowly increases 
or decreases. 

Experimental procedure. Tbe same general method of experimenta- 
tion was used in the following experiments on the bullfrog (Rana 
catesbiana) as that described in the preceding paper (11) of this series, 
with the exception that the gastric balloon was inflated with a known 
quantity of air by means of a graduated glass syringe sufficient to 
mfuutain a constant pressure of 2 cm. in the water manometer and 
the number of cubic centimeters of air necessary in the different 
experiments to produce this constant pressure was recorded. Normal 
contractions of the empty stomach were obtained from each ani- 
mal, extending over a period of several days, and then these ftninmlH 
were either vagotomized, splanchnetomized or vago-splanchnetomized 
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(section of both sets of nerves) and the respective observations repeated 
over a period of from two to three weeks and compared with the normal. 
The recorded tracings were taken on a slowly moving drum making a 
revolution in fifty to sixty minutes. 

The changes in volume capacity of the stomach as injluenced by partial 
and complete isolation from the central nervous system. The influence of 
the vagi and splanchnic nerves on the activity of the empty stomach 
of the frog has been reported in a previous paper (11), According to 
these results, double vagotomy leads to a sympathicotonic condition 
of the stomach followed with nearly the normal type of hunger con- 
tractions with the exception that they appear to be of a somewhat slower 
rate and slightly weaker. On the other hand, section of the splanchnic 
nerves leads to a hypertonic stomach with shallow contractions, showing 
an increased rate and tending to run into incomplete tetanus, while 
complete isolation of the stomach from the central nervous system 
leads to a hypotonic stomach with about the normal type of gastric 
hunger contractions. Somewhat similar changes have been described 
by Cannon (12) on cats for the digestive movements and by Carlson 
(13) on dogs for the movements of the empty stomach. 

Although the sectioning of these nerves in various animals has led 
to certain changes in gastric tonus, as arising from the influence exerted 
through the extrinsic nerves supplying the stomach, no attempt has 
been made to analyze the question quantitatively. In order to study 
the changes in volume capacity of the empty stomach as influenced by 
partial and complete isolation from the central nervous system, twenty- 
one animals were used for the various observations recorded herein, as 
follows,— seven were vagotomized, seven splanchnetomized and seven 
vago-splanchnetomized. In addition, fifteen other animals were used 
but as the length of the duration of these experiments was more or less 
brief due to parasitization or other causes leading to an early death, 
the data from these were excluded. However, in none of these experi- 
ments in which results were obtained were they contradictory to the 
typical results as tabulated. There were also a few animals of this 
number excluded because of incomplete nerve section. The following 
tables have been prepared as showing typical results of the experiments. 

The animals used for the observations in the preceding experiments 
were twelve to thirteen inches in length, extended, and it was found, 
without exception in this size of animal, that 10 cc. of air introduced 
by a syringe into the gastric balloon was sufficient to maintain a con- 
stant manometric pressure of 2 cm. in the stomach of the normal ani- 
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mal. Larger animala in proportion to size require greater quantities 
of air to obtain this constant manometric pressure, and vice versa. 
In one case, a very large frog measuring sixteen inclies, the only one 
used in the series of experiments, 15 cc. of air were necessary to produce 
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Vagotomised 
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Very weak 




September 1 


Vagotomized 


10 
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Vagotomized 






Animal died. Au- 
topsy showed 
both vagi cut 



* Work now in progress on lung tonus of the frog shows that double vagotomy 
leads to practically the same effects as extirpation of the lungs, and this may 
shorten the life of the animals. 

the constant pressure of 2 cm. in the water manometer. The question 
of the elasticity of the rubber balloon may arise here for, as Osborne 
(14) pointed out, in thin-walled rubber bags the extenaibility of the 
elastic material is great and its dimensions, including its thickness, 
alter much iinder the stretch imposed. Furthermore, a subspherical 
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bag may change in general figure as its aze is altered, or changes in the 
physical consistence of the rabber membrane nkay occur as inflation 
and deflation proceeds, all of which would lead to serious complication 
for the amdysis of results. However, in the ease of the gastric ballooD 
used 10 or even 15 cc. of air do not fill the rubber balloon, bo that the 
tension of the bag's elasticity comphcates the stomach tonus. 
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In testing out the amount of aJr necessary to produce the constant 
manometric pressure it was found without exception in all the animflls 
that a much smaller amount than 10 cc. of air would produce changes 
in the manometer amounting to 2 or more centimeters but the length 
of its duration was very short and the pressure soon fell to the zero 
level or closely approximated it depending on the quantity of air intro- 
duced. This is indicative of the ease with which the stomach adapts 
its size to the volume of its contents. 
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In female animala filled with large e^ masses the number of cubic 
centimeteia of air necessary to produce the constant pressure showed 
no variations from that of the non-egg-carrying female and the male, 
although the abdomen was much enlarged. This condition in the egg- 
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carrying female is doubtless accounted for, at least in part, by a reflex 
mechanism leading to a relaxation of the abdominal muscles, an adap- 
tation similar to the reflex relaxation of the rectus abdominis muscle 
in increased volume contents of the stomach as has been described by 
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Pike and Coombs (7). The immuils with very few exceptions were run 
contiououBly as soon as recovery was complete after the operation and 
the fast (xanmenced immediately. 

Section of both vt^ or the vago-eympathetic nerves (11) in the neck 
of the frog increases the volume capacity of the stomach temporarily, 
as shown in table 1, from the normal of 10 cc. to 15 cc. of air. This 
condition invariably lasts from eight to nine days. Usually on the 
ninth day following the cutting of the nerves there is a decrease in the 
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Fig. 1. The spues left to r^ht indicate the number of days experiment ran. 
Tertioal epacea above and below the heary line A B, representing thenonaal 
pressure of 10 co. of air necessar]^ to maintain a oonstant pressure of 2 cm. in 
the water manometer, indiostes the positive or negative changes from the con- 
stant in the volume capacity of the stomach as influenced by the extrinsio nerves. 
Curve C C, shows effect of sectioning both vagi on stomach. Curve DD,effeot 
of splanchnic section. Curve E E, combined effect of section of both vagi and 
splanchnic nerves. Note complete recovery of gastric tonus in first two cases, 
while in the latter there is only a partial recovery. Heavy line A B also indi- 
cates negative effect of decerebration on stomach. Figures at left indicate 
number of cubic centimeters of air in balloon. 
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intragastric preesure to about 13 cc. of air and on the next day it drops 
again to the normal or 10 cc. level, and r«nains there. In other words, 
the normal tone of the st^nach has been reestablished (fig. 1), and this 
condition as it exists in the frog may be comparable to the temporary 
loss oi tonuB as described by Cannon (12) in cats. The contractions 
of the empty stomach tend to approach the normal, but on the whole 
they are of a slightly slower rate and more irr^ular. The amplitude 
of the individual contractions may even appear greater than normal 
and this may be because the contractions start rather suddenly and 
without any marked preliminary increase in tonus in the fundic end 
of the stomach. 

Section of the splanchnic nerves in the frog markedly decreases the 
volume capacity of the stomach temporarily, as shown in table 2, from 
the normal of 10 cc. to 4 cc. of air. . This marked diminution in size 
like the increase after double vagotomy invariably lasts from eight to 
nine days. Usually on the ninth day following the cutting of the 
nerves there is an increase in the intragastric pressure to about 6 cc. 
of air, while on the next day it reaches again the normal or 10 cc. level 
and remains there. Here again the stomach has reestablished its gastric 
tonus (fig. 1). This condition in the frog is much more marked than 
Carlson (13) found it to be in dogs for just as the number of cardio- 
inhibitory fibers vary in the vagus of the cat and the dog, so also may 
not the number of motor fibers in the vagi destined for the stomach 
vary in different animals? The contractions of the empty stomach 
are small, showing an increased rate and a tendency to approach in- 
complete tetanus. This is especially true during the temporary period 
of high tonal activity whea only 4 cc. of air are required to maintain 
the constant manometric pressure and in one animal 3 cc. of air were 
found to be sufficient. In a few such animals I have foimd in the morn- 
ing following the removal of the balloon the night before such strong 
gastric and esophi^al contraction that it was impossible to introduce 
the balloon through the short esophagus into the stomach without first 
introducing a small glass seeker and stretching it. I have even had 
difficulty in introducing the seeker the first time on one or two occasions 
because of such marked contraction. This would seem to uphold the 
views of Cannon (12) and Kelling (6) that the gastric fibers of the vagi 
function to make the gastric muscles exert a tension. 

Section of the vagi and splanchnic nerves in the hog increases the 
vdume capacity of the stomach permanently, as shown in table 3, 
from the normal of 10 cc. to 16 cc. of air, but in this case there is not 
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a complete recovery. After this complete isolation of the frog's Btomach 
from the central nervous system, the 15 cc. stomach invariably lasts 
from twelve to thirteen days, which is a longer [>enod than in either 
the vagotomized or splanchnetomized stomach. Usually on the thir- 
teenth day following the sectioning of these nerves which is accom- 
plished at one operation there is a fall in the intragastric pressure to a 
13 cc. level, where there are no further changes'(fig. 1). This new and 
partial readjustment of the hypotonic stomach is evidently determined 
by the intrinsic local gastric motor mechanism of the stomach wall for 
the gastric hunger contractions persist after its isolation from the 
central nervous system. The appearance of the individual contractions 
is much the same as when the vagi alone are cut. These contractions 
may exhibit a greater or lesser amphtude and show a tendency toward 
irregularity. All the animals in .the different groups were autopsied 
to verify more especially the sectioning of the respective nerves. In 
a few of these animals in which the heart was still beating regularly 
the effect of vagal stimulation on the stomach was determined. This 
resulted usually in a phase of inhibition followed by a stronger phase 
of excitation immediately upon the removal of the stimulus and is in 
confirmation with the findings of Hopf (15) on frogs. Stunulation of 
the sectioned splanchnic usually resulted in a relaxation of the body 
of the stomach, if any change at all occurred, and if the stimulation 
was repeated several times in succession it seemed to bring about a 
constriction of the pyloric sphincter and perhaps also that of the cardiac 
sphincter, a condition which would seem to indicate that the splanchnics 
might possess a few fibers of the motor type. The stimulation of these 
two nerves does show, however, that the fibers of neither have degenerated, 
and since the rate of nerve degeneration differs in different animals and 
in frogs requires from thirty to one hundred and forty days, depending 
upon the season of the year (16), there is no possibility of the regener- 
ation of these nerves. The normal functioning of the two sets of nerves 
to the stomach is indicated by the results of sectioning, as well as by 
the results of stimulation. In the case of the isolation of the stomach 
from the influence of the va^ with the splanchnics intact, or vice versa, 
there is a perfect physiological readjustment of the normal tonus of the 
gastric musculature. On the other hand, after complete isolation of 
the stomach (vagi and splanchnics severed) from the central nervous 
syst^n there is only a partial physiological readjustment of the gastric 
musculature. This indicates that the extrinsic nerves play a prominent 
part in the maintenance of gastric tonus, at least in the frog. When 
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the stdanchiiics are eectioned it must be the motor fibers of the vagi 
t^hat produce the high and temporary gaatnc hypertonicity, i.e., hyper- 
tonic 8t<»iiach. When the vagi are cut and the splanchnics permitted 
to exert their full influence on the gastric musculature it is reasonable 
to beUeve that these nerves must possess motor fibers probably to the 
sphincter muscles and that these areas then act as tonic rings which, 
in connection with the intrinsic or local reflex mechanism of the gastric 
wall, are capable of producing a perfect physiolt^cal readjustment. 
Whereas, in the case of the stomach completely isolated from the central 
nervous sj^tem, this intrinsic or local gastric mechanism is incapable 
of bringing about a complete readjustment and in consequence of this 
it creates a new level of gastric tonus. Thus, every reflex is in its own 
measure an integral reaction, and is purposive in that it bears some 
biological purport for its organism. This physiological readjustment 
occurred regularly in all the animals, that is, it could be looked for 
after a lapse of a certain number of days following the sectioning of 
the nerves. For example, in the case of the vagotomized stomach when 
this readjustment started I have seen in a few instances the pressure 
in the manometer increase from the constant level of 2 cm. to 5 or 6 
cm., but I have never observed it in the stomach of the normal animal. 
In the splancbnetomized stomach of the course the first readjustment 
stage is marked by a fall in the manometric pressure to zero. 

The changes in gastric tonus observed throughout this series of 
experiments are so shght in the normal frog that they are practically 
unmeasurable. However, tonus is the prime condition for that tension 
which must be developed before contraction can result and if the tension 
persists the contraction recurs (17). Furthermore, the importance of 
the tonic state in the normal functioning stomach is reinforced by the 
fact that when all the extrinsic nerves are cut the stomach develops in 
time within itself a tonic state, while the adaptability of the ahdomioa] 
cavity to the volume of its contents is left to the postural reflex. 

Tke effect of decerehraiion on, the toniia of the stotruu^. It has been 
shown by King and Connet (18) that the rate of the gastric contractions 
is increased in decerebrate guinea pigs and that the stomach becomes 
hypertonic. According to Rogers (19) the hyperactivity of the crop 
of the decerebrate pigeon is inhibited by food and water as in the normal 
bird, while the writer (4) has reported no change in the type of the 
contractions from the empty stomach of the normal and the decerebrate 
" frc^. In order to study the effect of decerebration on the volume ca- 
pacity of the stomach, observations were made on six decerebrate.frogs. 
The following table has been prepared from a typical experiment. 
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Decerebration in the frog has no effect on either the volume capacity 
of the Htomach or the amplitude of the individual contractions, as is 
shown in table 4. There is also no change in the type of contractions, 
which confirms the work of the previous paper (4). The negative 
findings in these experimente show that the higher cerebral centers in 
the frc^ play no appreciable part in either the maintenance of gastric 
activity or the tonic state. Since section of the vagi leaves the stomach 
in a temporary hypotonic condition (15 cc. stomach) while the decere- 
bration effects are negative we may infer that impulses from centers 
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in the mid-brain and medulla exercise the controlling influence and 
produce after section of the splanchnics the temporary hypertonic 
stomach, i.e., high gastric tonus. It may be further imphed that there 
is a dynamic readjustment in the central nervous system which leads 
to an actual diminution in the inhibitory impulses through the splanch- 
nics after vagal section- or an inverse motor condition existing through 
the vagi after splanchnic section, or else the stomach may bring about 
its physiological readjustment by an increased resistance or tolerance 
of the splanchnic or motor impulses over the respective nerves to the 
gastric mechanism. 
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CONCLUSIONS 

1. The normal stomach of the frog possesses a marked capacity for 
adapting itself to the volume of its contents with only minimal changes 
in the intragastric pressure. This is in confirmation with the work of 
Grey and others. 

2. Both the intrinsic and extrinsic nerves take part in the mainte- 
nance of gastric tonus as is shown by partial and complete isolation of 
the stomach from the central nervous system. 

3. Section of the vago-sympathetic nerves (double vagot-omy) with 
the splanchnics intact increases the volume capacity of the stomach 
temporaiily, but there is later a complete readj,u»tment. 

4. Section of the splanchnic nerves with the vagi intact decreases 
the volume capacity of the stomach temporarily, but there is again a 
ctHnplete readjustment as above. 

5. Section of both the vagi and splanchnic nerves (complete isolation 
from the central nervous system) increases the volume capacity of the 
stomach permanently, and in this case there is only a partial readjust- 
ment, at least for a period extending over tliree weeks, and the tonus 
of the stomach is established upon a new level from that of thenormal. 

6. Decerebration affects neither the vohune capacity of the stomach 
nor the type of the contractions. 

The writer desires to acknowledge his indebtedness to Doctor Carlson 
for his kindly and valuable criticism. 
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INTRODUCTION 

This paper has to do with two problems: one the dependence of 
tissue activity upon volume-flow of blood, and the other the mechanism 
by which the volume-flow of blood is controlled. While these problems 
may be considered as distinct from each other, yet they have a certain 
interdependence which may warrant their discussion in common. 

I have previously reported results bearing upon both problems (I), 
(2). Although no definite conclusions were reached concerning the 
mechanism of volume-flow control, it was shown that in hemorrhage 
the organism as a whole suffers from a reduced flow of blood as is 
indicated by the reduced alkaline reserve of the plasma of the blood. 
But despite the fact that the organism suffers from a reduced Sow of 
blood we know from the work of others (3), (4) that a tissue may be 
stimulated to great activity even though the flow of blood may be very 
low or even absent. This apparent independence of volume-flow and 
tissue activity is shown in figures 1 and 3, where secretion of saliva is 
used as the index of tissue activity. 

DEPENDENCE OP SECRETION UPON VOLUME-PLOW OP BLOOD 

To show the dependence of tissue activity upon volume-flow of blood, 
using secretion as the index to activity, special methods must be em- 
ployed. The greatest care must be taken that change in volume-flow 
of blood be the only variable. When the gland is activated by stimu- 
lation of the chorda tympani the periods and strength of stimulation 
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must be equal and perioda of rest must be chosen which will avoid the 
alimenting effect of previous stimulation. Results obtained under 
such conditions can be compared with results obtained when the blood 
supply is modified. Such results are shown in figures 1, 2 and 3, in 
which blood pressure, volume-flow of blood, secretion, electrical deflec- 
tions, time in seconds and moment of stimulation of the chorda tympani 
are recorded. The volume-flow of blood was measured with the blood- 
less method previously described. 

Figure 1, A and B, shows the effects of occluding the carotid artery 
during a short period of stimulation lasting 14 seconds. In the first 
record, the artery was unoccluded and stimulation of the chorda tym- 
pani produced the usual rapid acceleration of blood flow. In t^e second, 
where the artery was occluded, the flow of blood during the period of 
stimulation was slow but the amount of saliva secreted was not dimin^ 
ished. The results might be taken to indicate that even large fluctu- 
ations in volume-flow of blood need not affect the metabolic processes 
of the gland, were it not for the change in the contour of the electrical 
deflections which su^ests that the glandular processes were modified. 
On the other hand, the absence of an after-flow of blood following 
de-occlusion indicates that the gland was not overtaxed by the tempor- 
ary reduction in the blood-flow. 

Figure I, C and D, shows the effect of occlusion of the artery during 
greater activation. The secretion of saliva during occlusion was not 
reduced, yet the electrical deflection was modified again as in 1, £. 
The difference between the results shown in 1, A and B, and in 1, C 
and D, is that de-occlusion in the latter observations was followed by 
a markedly accelerated after-flow of blood indicative of an overstrain 
of the tissue resulting from activation without sufficient blood supply. 

Figure 2, A,'B and C, showB the effect of more prolonged occtusion 
of the artery lasting through a period of stimulation of 30 seconds. 
Even this longer period of occlusion has little effect upon the amount 
of saliva obtained — 16.2 drops during the period of occlusion as com- 
pared with 1S.2 and 19.2 drops during the preceding and subsequent 
periods of free flow of blood. In figure 3, A, B, C and D, where the 
periods of stimulation and occlusion were still longer, the reduced flow 
of blood again had relatively little effect. In fact (C) during occlusiOD 
18.4 drops of saliva were secreted compared with 19.0, 19.6 and 20.3 
in the preceding and subsequent periods. 

Upon the whole, the results indicate that relatively short periods 
of occlu^on of the carotid artery affect little the amount of saliva 
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elicited by Btimulatioo of the chorda tympani. This absence of marked 
effects may be apparent only and may be due to the fact that the gland 
at the moment of stimulation has recovered from previous activation 
and readily liberates its stored material and energy regardless of the 
momentary decrease in flow of blood during the period of activation. 
If ao, it would be better to study the dependence of tissue metaboli«n 
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Fig. 1. Effect of occluBion of the carotid artery on the reaponae of the submax- 
illary gland to etimulation of the chorda tympani. lA, normal; \B, artery oc- 
cluded; IC, normal; ID, artery occluded ; B.P., blood pressure; V.F,, volume-flow 
of blood; S., salivary secretioa; E., electrical deflection; T., time ia seconds and 
moment of stimulation of the chorda tympani. 
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upon tissue which has not fully recovered from previous activation; 
for this purpose the gland might be activated over a loiter period of 
time, and the blood supply modified during thie period of activation, 
that is while activity and recuperation are going on hand in hand. 

A series of such experiments is shown in figure 4, A, B, C, D and E. 
In figure i, A, B and C the gland was activated by the injection of 
pilocarpin and the Sow of blood was restricted in three ways: in A by 
obstruction of the carotid artery; in S by injection of adrenin; and in 
C by stimulation of the vago-sympathetic. In every instance the slow- 
ing of the flow of blood atTected the response of the gland to the stimu- 
lation of pilocarpin. The objection might be raised that we not only 
interfered with the blood supply but also with the supply of pilocarpin 
which stimulates the gland. This objection can not hold in theexperi- 
ment represented in figure 4, D and C, where the gland was activated 
by stimulating the chorda tjrmpani. In 4, Z>, the flow of blood was 
decreased during stimulation by occluding the artery. The volume- 
flow of blood was not record^ but the moments of occlusion and de- 
occlusion are evident in the blood pressure tracing. It will be noted 
that the effect of occlusion became progressively greater as occlusion 
continued, suggesting that stored up saliva may be easUy liberated, 
whereas the storage and liberation of new saliva required a greater 
flow of blood. The slowing of the secretion is imdoubtedly due to the 
slowing of the blood stream and not to fatigue of the gland from pro- 
longed stimulaiion, as is indicated by the subsequent acceleration of 
secretion upon de-occlusion of the artery. In this record secretion 
continued for some time after cessation of stimulation. Occlusion of 
the artery diuing this after-secretion again retarded secretion. The 
effects <rf injection of adrenin during prolonged stimulation of the 
chorda tympani were quite as striking — see figure 4, E. 

The gland from which ^ure 5 was obtained was extremely sensitive 
to chu^;es in volume^ow of blood. The period of stimulation of the 
chorda tympani lasted from A to B. The close parallelism between 
secretion and volume-flow of blood is very evident. Short irregular 
fluctuations which were not due to occlusion of the artery also are to 
be seen. 

Figure 6 is taken from the same experiment as figure 5. It shows 
again the effect of volume-flow of blood upon the threshold of stimula- 
tion for secretion. Stimulation of the chorda tympani elicited an 
increased volume-flow of blood and though no visible secretion occiured 
it excited the gland, as is evidenced by the electrical deflection. That 
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Fig. 4. Effect of interTerlng with the blood supply to the submaxitlaiy gland 
during prolonged activity. In A, B and C, the gland was activated by the Injee- 
tion of pilocarpi!! and the blood flow interfered with by arterial occlusion, Injeo- 
tion of adrenin and etimulation of the Tagoeympathetic reapectirely. In D and S 
the gland ia activated by atimulation of the chorda tympani and the flow of blood 
interfered with by arterial occlusion and the injection of adrenin. 

m 
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occlusion of the carotid artery during excitation a£Fect«d the processes 
in the gland is indicated by another change in the electrical deflection. 
When the artery was de-occluded about 20 seconds after the cessation 
of stimulation a rapid flow of blood occurred. This accelerated blood 
flow was accompanied by a copious secretion. The fact that an ac- 
celerated blood flow was associated with secretion some time after the 
effects of stimulation had wholly or at least partially worn off, Beenis 
to indicate that secretion in this instance occurred in two deflnite stages. 
The results are in line with the observation that the elicitation of visible 
secretion requires a stronger stimulus than does the elicitation of an 



Fig. 8 

electrical deflection which is an index to glandular activity. There 
may, however, be another explanation of the results shown in figure 6. 
We know from previous work that adrenin, provided it does not inter- 
fere with the flow of blood through the gland, may occasionally augment 
secretion elicited by either stimulation of the chorda tympani or in- 
jection of pilocarpin. It is possible that the short period of arterial 
. occlusion led to an asphyxial discharge of adrenin into the circulation 
(5) sufficient to augment secretion. Unfortunately results similar to 
those seen in figure 6 were not obtained frequently enough to make 
possible the determination of the factor underlying the accelerated 
secretion. 
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TRB UCHAmSK COHTSOLUNQ THE TOLtrUB-rLOW OF BLOOD 

It ia well known that after atropinization of an ftnimal stunulation 
of the chorda tympani may accelerate the volume-flow of blood throiigh 
the submaxillary gland without eliciting visible secretion. This obser- 
vation is used as evidence of the presence of vasodilator fibers in the 
chorda tympani. But Barcroft (6) pointed out that even though there 
be no viuble secretion resulting from stimulation of the chorda tjonpani, 
oxidataons in the gland may be increased. The accelerated flow of 
blood may, therefore, be due to Uberation of dilator metabolites rather 
than to stimulation of dilator fibers. 

The fact that stimulation of the chorda tympani, too weak to produce 
visible secretion, may elicit an increased volume-fiow of blood is likewise 
dted as evidence for the presence of dilator fibers in that nerve. But 
the fact that such an increase in volume-flow of blood is accompanied 
l^ an electrical deflection also makes possible the eiq>IanatioD of dila- 
tation through dilator metabolites (1). 

Since these methods, which indicated the existence of dilator fibers, 
fail to yield crucial data concerning the mechanism of volume-fiow 
control, I attempted in a previous research to throw further light on the 
probtem by a variety of indirect methods (1). The results obtuned 
were summarized as follows: 

As to the eidBtence of Tuodilfttor nerves the question which initiated thii 
rese&Tch nothing definite can be uid. We have no proof that such nerrea do not 
exist, neither have we proof that metabolitea can not adequately control the 
volume-flow of blood. All that can be eaid ie, that if the dilator fibers do control 
the volume-flow of blood, this flow may be augmented still more by an accumuli^ 
tion of metabolitcfl. Many obeervations might apply to both theories, some how- 
ever point more strongly to the metabolite control. 

It was shown in that research that with conditions constant the 
flow of blood is very finely adjusted to the activity of the gland. By 
plotting the superbasal flow of blood on the ordinates against progres- 
sively increasing amounts of salivary secretion on the abscissas we found 
superbasal flow of blood to be a linear function of superbasal metabolism. 
Such accelerated flow accompanying tissue activity is undoubtedly a 
purposive reaction to make good the excess of liberated energy, but 
does not help toward determining the mechanism of volume-flow 
control. Hiis reaction of accelerated flow of blood is studied to advan- 
tage by plotting continuous curves of glandular activity and volume- 
flow elicited by stimulation of the chorda tympani. This method not 
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cmly brings out in another vrxy the paraUelism of the two pbraomenA 
but in addition shows the time relation of the two proceesee. 

Figure 7 dows the effect of stimulation of the chorda tympaoi of 
12 seconds duration in 7, A, and of 60 seconds in 7, B. The activity of 
the gland (secretion) is plotted on the ordinatee in solid black against 
time on the absdssas. Volume^ow of blood is plotted as a line. The 
portion of the curve of volume^ow of blood preceding stimulation of 
the chorda tympaoi refvesents the basal flow of blood or the flow oi 
rest ; the curve above that level represMita the superbaaal flow. Though 
in e&ch instance the increased flow of blood followed stimulation 




Fig. 7. Effect of Btunulation of the chordft tympani on secretion and volume- 
.flow of blood. Volume-flow of blood and eaiivary secretion &ie plotted on the 
oidinates against time in minutes on the absciseu. The duration of stimulation 
of the chorda tjrmpani is shown. 

promptly, there was considerable lag in the flow as indicated by a com- 
parison of the crests of the curves of secretion and volume^ow of 
blood. This lag or after-^ow of blood, which continues throughout 
the experiment, is suggestive of a recuperative process following activa- 
tion, and is in agreement with the finHinga of Barcroft and Hill on 
oxidation fmd heat formation associated with tissue activation. 

Figure 8 shows results obtained in other experimoitB. The gr^iha 
were obtained from four different animals. Gn^hs A and B show the 
relation of volume-flow of blood to prolonged activity of the gland 
elicitad by prolonged excitation of the chorda tympanL The usual 
effect of such stimulation upon secretion is a rapid acceleration flawed 
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by a decrease which in turn gives way to a secondaiy increase. Tie 
parallelism between secretion and volum&^ow of blood is striking. 

Graph 8, C and D, shows the same relation, but the fluctuations in 
secretion differ from those in graph 8, A and B, in that they are elicited 
by short periods of stimulation. Secretion elicited by stimulation of 




Fig. 8. Effect of stimulation of the chorda tympuii on secretion and volume- 
flow of blood. Volume-flow of blood and salivaiy seoretion are plotted on the 
ordinates against time in minutes on the abBoissaa. A tuid B show the nUtion 
of volume-flow of blood to prolonged eecretion elicited by prolonged ttimulation 
of the chorda tympani. CandD ehow therelationof volume-flow of blood topro- 
longed Moretion elicited by a short period of stimulation of the chorda tympani. 
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the chorda tympani as a rule stops promptly upon cessation of stimu- 
lation, but not infrequently, the secretion slows only to accderate before 
ultimately decreasing. Such results are represented in graph 8, C and 
D. The volume-fiow of blood here, too, is closely adjusted to the activ- 
ity of the gland. It is interesting to consider the significimce of these 
results in relation to the mechanism of vasodilatation. The after- 
secretion followii^ cessation of stimulation may last from 1 to 15 
minutes. The cause of this secretion we do not know. It may possibly 
be due to a prolonged after-dischaige of the vasomotor post-ganglionic 
cells. A like discharge of the vasomotor poat-ganglionic cells would 
expl^ in a similar manner the after-4ow of blood. If both after-flow 
of blood and after-flow of secretion are due to this after-dischai^ of 
ganglionic cells it is extremely interesting that the after-dischai^ of 
the two sets of cells should be so nearly equal and so exactly timed. 

Numerous experiments similar to those represented in figures 7 and 
S show that under constant conditions and regardless of the dturation 
of stimulation, the volume-flow of blood is nicely adjusted to the needs 
of the tissues. Although such results need not favor either theory 
of vasomotor control, the lag of accelerated volume-flow following 
activation might suggest at least the cooperation of metabolite control. 

If a lack of parallelism could be demonstrated between volume-flow 
of blood and activity of the gtand resulting from stimulation of the 
chorda tympani, the presence of dilator fibers in the chorda tympani 
would be suggested, only, however, assiuning the absence of vasocon- 
strictor fibers. But it appears to be a difficult matter to demonstrate 
satisfactorily such a lack of parallelism. Perhaps graph 8, D, could be 
looked upon as representing a slight lack in the perfection of adjustment 
between volume-flow and tissue activity, in that the second increase of 
secretion is associated with a relatively smaller increase in volume-flow 
than that associated with the first phase of secretion. In a few experi- 
ments the lack of parallelism has been far more striking in that the 
volume-flow of blood actually decreased during a period of copious 
secretion. 

As to the signiflcance of these apparent exceptions, it is obvious that 
the presence of a vari^le number of constrictor fibers in the chorda 
tympani might change the relation between glandular activity and 
volume-flow of blood eUcited by stimulation 'of the nerve. Fr6hlich 
and Loewi (7), believe that such fibers exist. They obtcuned a decreased 
flow of blood, such as is described above, when the chorda tympani was 
stimulated. In their experiments nitrites were administered for the 
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purpose of producii^ a maxiinum dilatation, thereby permitting effective 
Btimulation of the constrictor fibers runiiing in the chorda tympani. 
BaylisB (8) failed to obtain the decreased flow of blood under the con- 
ditions giv^i by Froblich and Loewi and furthermore failed to confirm 
the results by stimulation of the cervical sympathetic nerve of the cat, 
which is known to contain constrictor fibers. 

I attempted to determine the presence of constrictor fibers running 
in the chorda tympani by selective stimulation of these fibers produced 
by hemorrhage. I recorded the volume^ow of blood from both sub- 
maxillary glands during progressive hemorrhage. On one side the 
chorda tympani and the vago-sympathetic were cut and on the other 
side only the vago-sympathetic. Since one gland was connected with 
the central nervous system through the chorda tympani and the other 
gland was completely isolated, if constrictor fibers are present in the 
chorda tympani we might expect a difference in the curves of basal 
flow of the two glands (basal flow of blood plotted on the ordinates 
against mean blood pressure upon the abscissas). A comparison of the 
ciu^es of basal flow of blood failed to indicate the presence of constrictor 
fibers in the chorda tympani. 

The results shown in figure 9 are more helpful in explaining the differ- 
ence between the results of Frdblich and Loewi and of Bayliss. In this 
^ure the curve of secretion and of basal-flow of blood and of salivary 
secretion ehcited by short periods of stimulation of the chorda tympani 
at various levels of blood pressure during progressive hemorrhage are 
plotted. The period of stimulation in each case lasted about 20 seconds. 
The curve begmning on the abscissas is the curve of secretion. The 
other is the curve of blood flow. The horizontal portion preceding 
stimulation of the chorda tympani represents the flow of rest or basal- 
flow and the remaining portion the secretory or super-basal flow of 
blood. Record A was obtained during normal blood pressure. In 
record D the pressure had fallen to about 40 mm. Hg. 

From the work of Barcroft we know that durii^ secretion water is 
abstracted from the blood flowing through the gland. As the basal- 
flow of blood diminishes with decreasing pressure the basal and super- 
basal-flow of blood decrease and the configuration of the curves changes 
in a way indicative of this abstraction of water, for it will he noted that 
in the final stages of hemorrhage the flow of blood during secretion is 
actually less than the flow of rest. The irregularities of the curves 
of blood flow in graphs B and C apparently are the result of abstraction 
of water from the blood, but only when the blood pressure is too low 
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to take aufficieQt advantage of the dilatation wtiich praBumably occurs, 
does the abstraction of water reduce the flow below that of rest. This 
reduction gives the appearance of constriction. 

The exceptions to the proportionality of tissue activity and volume- 
flow of blood, therefore, can not be said to be real, but figure 10 shows 
results which may possibly be of significance. This figure shows the 
effect of reducing in steps the strength of a prolonged and continuous 
stimulation of the chorda tympani. The period of stimulation lasted 




Fig. 9. Relation of volume-flow of blood to seoretion during progreasive 
hemorrhage. 

approximately 7 minutes. I%ure 10, A, shows the usual results of 
such a procedure and figure 10, B, the unusual results. In figure 10, A, 
it will be noted that at the pomts B, C and D, where the strength of 
current was decreased, volume^ow of blood and secretion showed 
proportional changes. Not so in figure 10, B. For some reason the 
response of the gland to the same procedure was strikingly different. 
The chorda tympani was stimulated at A and the strength of stimulation 
kept constant up to B. During this period the usual relations between 
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Toiume-^ow of blood and secretion obtain. At B the strength of 
stimulation was suddenly decreased and, barring the smaller Tariations 



Fig. 10. Effect of suddenly reducing in steps the strength of a prolonged stimu- 
UtioB of the chorda tympuii. 

in rate of secretion, there was little if any change of rate. On the other 
hand the volume-flow of blood was enormously reduced — almost to 
the baaal flow of blood. Though the strength of stimulation and rate 
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of secretion remajned constant up to point C, the flow of blood remftined 
reduced for a short period only, coming back agun to the ordinal super- 
basal flow. Another sudden reduction in the strength of stimulation 
at point C produced the same results. 

It is exceedingly interesting that the reduced voliune-flow of blood 
should suddenly accelerate though the stretch of stimulation rem^ed 
constant between the points of sudden diminution of strength of stimu- 
lation, to reach again the level obtainii^ between A and B where the 
stimulation is considerably stronger. From the fact that the volume- 
flow of blood diminished though the secretion remained constant, it 
would appear, assumii^ the presence of dilator fibers, that the strength 
of stimulation was reduced below the threshold of these fibers. Whether 
the subsequent acceleration of volume-flow of blood is due to an auto- 
matic lowering of the threshold of stimulation of the dilator fibers 
resultii^ from accumulation of metabolites or whether it is due to the 
direct action of the metabolities on the vessels, the results do not defi- 
nitely indicate. They do show a lack of parallelism between metabo- 
lism and volume-flow and accepting the absence of constrictor fibers 
in the chorda tympani they point to the existence of dilator fibers. 
The value to be placed on these findings depends upon the significance 
we can attach to an isolated exception of this kind. It should be 
mentioned in this connection that although this result was obtained on 
only one animal it was obtained repeatedly. 

BUUUABT 

The dependence of tissue activity on volume-flow of blood was studied 
on the submaxillary g]aad of the d(^ — 

a, by comparii^ the amount of secretion obtained during periods of 
normal and reduced flow of blood; 

b, by noting the effect of decreased flow of blood upon the electrical 
deflections; 

c, by studying the after-flow of blood following de-occlusion of the 
artery immediately following tissue activation. (An exaggerated after- 
flow of blood was used as an index to overstrain of the tissue). 

Reduction of the volume-flow of blood during a short period of stimu- 
lation of the chorda tympani, from 10 to 30 seconds, did not decrease' 
the amoimt of secretion. 

The glandular processes, however, were affected by such procedure, 
for the electrical deflections were invariably altered. 
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Reduction of the volume-flow of blood during a period of more intense 
stimulation, but also of short duration, although it did not reduce the 
funount of secretion elicited, resulted -in a more prolonged flow of blood 
as well as an altered electrical deflection. 

With more prolonged stimulation of the chorda tympani the various 
glands responded differently to arterial occlusion. On some glands 
occlusion of the artery for a period of about 1 minute was without 
effect upon secretion, while in others a noticeable reduction in secretion 
occurred. 

The temporary independence of tissue activity of volume-flow of 
blood as evidenced by secretion is probably apparent only and is due 
to the recovery of the gland between periods of stimulation and to the 
relative independence of the process of liberation of secretion on volume- 
flow of blood. 

The dependence of tissue activity upon flow of blood is better shown 
by reducing the flow through a tissue which has already been activated 
for some minutes, that is, in a tissue in which recuperation and activity 
are going on hand in hand. 

Such methods showed a very close dependence of tissue activity 
upon volume-flow of blood. The results substaatiate the views previ- 
ously published on the signiScance of hemoTrhage and reduced flow 
of blood from other causes in the onset and sustentatioQ of the condition 
of traumatic shock. 

Prolonged stimulation of the chorda tympani usually produced fluc- 
tuations in secretion durii^ the period of stimulation : first a rapid secre- 
tion followed by a decrease, then another acceleration giving way to a 
final decrease at the end of stimulation. Similar fluctuations were 
produced by a short period of stimulation lasting only a small part of 
the period of secretion. Whether the stimulation was long or short, 
the volume-flow of blood and the secretion ran parallel with each o&er. 
The significance of the findings is discussed. 

The close parallelism between' tissue activity and volume-flow of 
blood offered difficulties in demonstrating definitely the existence of 
dilator fibers. 

One experiment showing a lack of this parallelism indicates the 
presence of dilator fibers in the chorda tympani. 

Data are presented indicative of chemical regulation of blood flow. 

Experiments are cited pointing to the absence of constrictor fibers 
in the chorda tympani. 
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In studying the electrical deflectione of the submaxillary gland of the 
dog I noted that stimulation of the chorda tympani produced a greater 
and more prolonged after-flow of blood when the saUvary duct was 
obstructed than when unobstructed (see figs. 4, 5 and 8). In so far 
as these observations aid in elucidating the mechanism of the control 
of volume-flow of blood they pertain to the problem of papers 11, III, 
IV, VI and VIII of this series. The observations, however, will be 
considered from a broader point of view, namely, in their relation to 
the general problem of the physiology of the salivary glands. , , 

The data will be discussed under the following heads: 

1. Effects of increased salivary pressure upon the electrical deflections of th« 
gland. 

a. Oooltieion of the Balivary duct during secretion elicited by the injection of 
pilocarpin. 

6. Occlusion of the duct synchronous with secretion elicited by the Btimulation 
of the chorda tympani. 

e. Backward injection into the salivary duct of the resting gland. 

2. Effects of increased salSvaiy pressure upon the volume-flow of blood throni^ 
the gland. 

a. Occlusion of the salivary duct during secretion elicited by the injection of 
pilocarpin. 

b. Occlusionof the duct synchronous with secretion elicited by the stimulaticm 
of the chorda tympani. 

e. Backward injection into the salivary duct of the restbg gland. 
3. Effect of increased salivary pressure upon secretion. 

a. Occlusion of the duct during secretion elicited by the injeotiw of pUoeaipiu. 

b. Occlusion of the duct synchronous with secretion elicited by stimulation of 
the chorda tympani. 

185 
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c. Baoktrard injeetlon into the Mllvaiy duot of the resting gluid. 

d. Effect of occlusion of the duct during leoretion elicited by the Btimulation 
of the chorda tympani upon secretion elicited by eubsequmt stimulation of the 
chorda tympani and vago-sympathetic. 

e. ^ect of backward injection in the resting gland upon subsequent secretion 
elicited by stimulation of the chorda tympani or vago-sympathetio before and 
after atropinUation. 

1. EFFECTS OF INCBEASED BAUTABT PBESBURE UPON THE ELECTRICAL 
DEFLECTIONS or THE OLAND 

a. Ocdusion o} the duct during secretion eliciied by the injection of 
pHoccapin. When the submaxillftry gland is activated by the injection 
of pilocarpin a definite electrical deflection occurs and when the secretion 
approaches a constant rate the two electrodes tend again to assume a 
constant difiference of potential as is evidenced by the horieontal direc- 
tion of the recorded electrical deflection. If the salivary duct is now 
occluded a typical disturbance of this equilibrium occurs which is 
shown in figure 1, A, B, C, D and E. The first effect of occlusion was 
an upward deflection which gave way in a few seconds to a downward 
deflection. De-occlusion produced the reverse effect. The downward 
deflection accompanying occlusion was suddenly accelerated and 
changed as suddenly into an upward deflection. The contour of the 
'deflection differed considerably from time to time and from animal to 
animal as is obvious from figure 1,A,B,C,D and E, yet the four phases 
were present in all. The electrical deflection elicited by occlusion and 
de-occlusion of the duct may therefore be looked upon as more or less 
accurately indicating the sequence of certain glandular processes set 
up by these procedures. 

b. Ocdtmon of the salivary duct synchronous with secretion elieited 
by the stimulation of the chorda tympani. If the chorda tympani is 
stimulated at regular intervals with stimuli of equal strength and dura- 
tion equal amounts of saliva may be elicited and electrical deflections 
of the same contour may be obtained, provided, the period of rest inter- 
vening between stimulations is of such duration as to prevent the aug- 
menting effect of previous excitation. When such constant results 
were obtained it was found that occlusion of the sahvary duct along 
with stimulation of the chorda tympani produced a definite change 
in the electrical deflection as is seen in figures 2 and 3. These figures 
show five sets of observations — 2, A, B and C, and 3, A and B. In 
bny single set of observations the chorda tympani was stimulated at 
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equal intervala of time with equal strength of Btimulation and the duct 
occliided equal lengths of time. But in the diffeient seta of obeervations 
the periods and strength of stimulation, the periods of rest and of 
occlusion of the duct were variable. This variability must in part 




Fig. I 

accoimt for the differences of the deflections. Bearing the variability 
of the conditions of the experiments in mind it is quite remarkable 
that the changes in contour produced by occlusion of the duct should 
be as uniform as they are. 
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Prolongation of the electrical disturbance is a point more or less 
common to the observationB in which occlusion of the duct occurred. 
This prolongation is associated with a prolongation of the normal period 
of secretion. Other characteristics common to many of the modified 
deflections are the notch and the elevation of the base line. To be 
sure there are some dissimilarities in the deflections of different groiips 
of observations, yet in any single set of observations repeated occlusion 
produced changes in the deflections so nearly alike that here again the 
deflections seem to indicate with considerable exactness the sequence 
of glandular processes. 

In some instances de-occlusion of the duct produced a, downward 
deflection similar to that associated with de-occlusion during secretion 
from the injection of pilocarpin. But it is obvious that the deflection 
as a whole showing the effects of occlusion and de-occlusion cannot be 
compared to advantage with the deflections obt^ed by occlusion and 
de-occlusion during secretion from the injection of pilocarpin, for in 
one instance the deflection is a result of a change in secretion already 
in progress and in the other it is a resultant of the activation of the 
resting gland and the obstruction of the secretion formed. 

c. Backward injection irtio the salivary duct of the. resting gland. The 
backward injection of saline or gum~saline produced deflections com- 
parable to those elicited by occlusion of the duct during active secretion 
elicited by the injection of pilocarpin. Such deflections are shown in 
figure 1, F, G and B. The injection produced an upward deflection 
followed by a downward deflection. Cessation of the backward in- 
jection was associated with a downward deflection followed by an up- 
ward deflection. The general contour of the deflection, to be sure, 
differs from that produced by occlusion during active secretion, yet 
the four phases are present. It is of interest to note here that atropini- 
sation apparently does not influence the effects of backward injection 
upon electrical deflections. 

2. EFFECTS OF INCBBASED 8ALIVABT PBEBSUBE UPON THE VOLUUE-FLOW 
OP BLOOD TBBOUQH THE OLAND 

a. Ocdumon of the salivary duct during secretion elicited by the in- 
jection of pilocarpin. Occlusion of the salivary duct during secretion 
rraulting from the injection of pilocarpin as a rule retarded the flow 
of blood durii^ the period of occlusion, as is ^own in figure 5, A. On 
de-occlusion the flow accelerated again to reach or surpass the flow 
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preceding occlueion. The de-occlusion flow of blood in figure 5, A, 
only approximated the pre-occlusion flow, but ia conaderation of the 
fact that the volume-flow of blood as a rule is proportional to the 
. activity of the gland tuid of the fact tliat the de-occlusion secretioa 
was considerably slower than the pre-occlusion secretion, the results 
Biggest that even in this observation occlusion in reality produced' an 
accelerated after-flow of blood. 





Fig.* 

b. Ocdiisum' of tks duct synchrtmous with secretion dieited by etimu- 
laHon of the chorda tympani. The above results are substantiated by 
the universally accelerated after-flow of blood noted on de-occlusion 
of the duct after occlusion synchronous with secretion eUcited by stimu- 
lation of the chorda tympani (see fi^. 4 and 6). A comparison of 
record B of figure 6, in which occlusion of the duct occurs, with records 
A and C, in which there was no occlusion of the duct, shows the ac- 
celerated flow of blood. The results of two such experiments are 
plotted in figure 4 in which secretion (solid black) and volume-flow 
of blood (single line) are plotted on the ordinates agwnst time in minutes 
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on the sbscissaa. The duration of stimulation of the chorda tympani 
ia marked by the rectangle near the abscissas at the beginning of the 
record. The extra^flow of blood ehcited when the duct was occluded 
greatly exceeded the extra^ow occurring when the duct was not oc- 
cluded. Though the two experiments represented in this figure show 
little reduction of the Sow of blood during the occhi^on of the duct, such 
slowing not infrequently occurred, in agreement with the results pro- 
duced by occlusion of the duct during secretion elicited by the injection 
of pilocaipin. 

e. Backward injeetum into the adlivary dud of the retting gland. Back- 
waj^ injection into the salivary duct of the resting gland produced 
comparable results to those obtained by increasing the saUvary pressure 
in the two ways discussed above (see fig. 5, B and C). Durii^ the 
period of increased salivary pressure the flow of blood was greatly 
reduced. On cessation of injection, which is indicated by the salivary 
record, the volume-flow of blood accelerated to remain accelerated for 
several minutes above the basal-^ow of blood preceding injection. 

3. EFFECT OF INCBEASEO BALIVABY PRESSUBS UPON SECRETION 

a. Ocduaion of the dud during aecretion eOdted by the injection of 
pHocarpin. De-occlusion of the salivary duct after occlusion durit^ 
secretion elicited by the injection of pilocarpin was followed by a 
momentary rapid acceleration of secretion which within a few seconds 
usually gave way to a rate of secretion below that obtaining before 
occlusion (see fig. 5, A). How much of the momentary accelerated 
secretion was due to the emptying of distended ducts, to the passage 
of saUva which escaped into the tissue spaces back into the ducts, to 
the liberation of secretion accumulated in the cells themselves due to 
failure to overcome the increased salivary pressure in the ducts, the 
experiments do not show. The retarded secretion following de-occlu- 
sion suggests some form of tissue damage resultii^, possibly, from back- 
ward filtration. The effect which occlusion of the duct has upon the 
rate and amoimt of secretion following de-occlusion depends largely 
upon the duration of occlusion, the rate of the pre-occlusion secretion 
and the variabihty common to the glands themselves. Some saliva ia 
always unaccounted for in the compensatory secretion. 

b. Occlusion of the duct aynchronoue with secretion elieited by stimUf 
lotion of the chorda tympani. Occlusion of the salivary duct during 
stimulation of the chorda tympani followed by subsequent de-occlusion 
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produced variable results, depending again upon the rate of secretion 
elicited by stimulation, the duration of occlusion of the duct and the 
peculiar reaction of the gland itself. Various results from several 
animftla are showD in figures 2 and 3. The records in each case are 
arranged in their proper sequence. Figure 2, A and B, which is com- 
piled from two diEFerent animals, shows the effects of prolonged occlusion 
of a copious secretion and a momentary occlusion of a scant secretion. 
In figure 2, A the chorda tympani was stimulated at regular intervals 
of 4 minutes with a constant strength of stimulation lasting 16 seconds. 
With the duct unobstructed each stimulation eUdted 16 drops of secre- 
tion as is shown in the first record of that series. In the following two 
records where the duct was occluded for 2.5 minutes 13 drops of saliva 
were secreted following de-occlusion, that is, only 3 drops of secretion 
were lost. In the final control when the duct was unoccluded 16 drops 
were again elicited. In the following record, 2, B, a scant secretion of 
only 3 drops of secretion was elicited by a relatively we^ stimulus 
lasting 5 seconds. The duct was occluded only 10 seconds. It will 
be noted that occlusion of such scant secretion for only 10 seconds 
resulting in a loss of about 13 per cent of the secretion and producing 
a definite change in the electrical deflection, stands in striking contrast 
to the loss of only 3 drops out of a larger total of 16 drops of secretion 
obstructed for 2.5 minutes. The results in ^ure 2, B indicate that 
the storage capacity of the ducts of a gland weighing approximately 
7 gm. may be little over 2 drops and that if an amount greater than 
2 drops is obstructed, enough back pressure may be developed to inter- 
fere with further secretion. If that is true, where were the 13 drops of 
the experiment represent^ in 2, A stored? 

c. Backward injection into the salivary duct of the resting gland. An 
index to the capacity of the ducts as it pertains to this problem may 
be indicated by the after-fiow of secretion following backward injection 
of gum-saline in the resting gland. When a small amount of fiuid 
was injected and then retained by occlusion of the duct, subsequent 
de-occlusion within 40 to 80 seconds waa usually followed by several 
drops of after-flow. Not infrequently there waa no after-flow what- 
ever; but the usual flow of 2 to 4 drops suggests again that the ducts 
may accommodate, for a short time at least, approximately 3 drops 
of sahva. 

d. Effect of occlusion of the dud. during Becretion elicited by the stimM~ 
laiion of the chorda tympani iipon Becretion didted by subsequent sMmu- 
lation of the chorda tympani and the vago sympathetic. The effects of 
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occhiaion of the duct during secretion elicited by the stimulation of the 
chorda tympani upon eecretion elicited by subsequent stimulation of 
the chorda tympani and vago sympathetic are shown in figure 6. This 
figure gives the results of two sets of observations, A'D and W-Z. 
The record of the first set shows secretion and volume-flow of blood; 
the record of the second set electrical deflections as well. The chorda 
tympani was stimulated at regular intervals with stimuh of equal 
strength and duration. Equal amounts of secretion were ehcited with 
each stimulation under normal conditions. During one such period 
of stimulation the salivary duct was occluded and the effect upon the 
subsequent stimulation noted. In record A a total of 12 drops of 
saliva was secreted. Since 3 of these drops were secreted slowly after 
the cessation of stimulation, only 7 drops were rapidly secreted during 
the period of stimulation. In record B the duct was occluded during 
stimulation of the chorda tympani and several minutes after stunulation 
the duct was de-occluded whereupon only one drop of saliva fell from 
the cannula. Next, record C, the chorda tympani waa stimulated with 
the duct de-occluded; 13 drops of saliva were secreted, of which 11 
drops appeared within the lO-eecond interval of stimulation. In record 
Z>, the final control, 6 drops of saliva were secreted rapidly. It follows 
from these results that occlusion of the duct during secretion increased 
the subsequent secretion by 4 or 5 drops. 

The augmenting effect of occlusion upon secretion is shown still 
better in observations W, X, Y and Z, due to the fact that afte^secretion 
was absent. In record W stimulation of the chorda tympani for a 
period of 10 seconds elicited 4 drops of saliva. In record X the duct 
was occluded during stimulation. A rapid flow of blood occurred. 
There was no flow of saliva on de-occlusion of the duct. In the follow- 
ing record, Y, stimulation elicited 8 drops of saliva or double the amount 
in record W. In the final control approximately 3 drops were ag^ 
secreted. Note the electrical deflections. 

The effects of occlusion of the salivary duct during secretion elicited 
by stimulation of the chorda tympani on subsequent secretion elicited 
by stimulation of the vago sympathetic appear to be identical with 
those just described (see fig. 7). The lower broken line on which time 
is marked in seconds indicates when the chorda tympani was stimulated 
and the upper line when the vago-^ympathetic was stimulated. The 
results of alternate stimulation of the chorda tympani and vago-symps^ 
thetic without oeclusion of the duct are shown in the upper tracing; 
with occlusion, in the lower tracings. Without previous occlusion of 
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the duct stimulatioD of the vagosympathetic elicited a alow scanty 
secretion of only 3 drops, but with previous occlusion a secretion (rf 
8 drops. 



ss 



B 



D 



Fig. 8 

c. ijfccf o/ haxhrnard injection in the reeling gland upon sttbsequent 
teeretion elicited hy the sUmvlation of the chorda tympani or vago-eympa- 
thetic before and after atropinization. When equal unounts of saliva 
were ehcited at regular intervals by equal stimulation and gum-saline 
was then momentarily injected into the duct, it was found that stimu- 
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lation of the chorda tympani 1 to 5 minutee followii^ the injection 
elicited a greater amount of secretion and that the latent period of 
secretion was reduced by several seconds. The same reduction in 
latent period was noted when stimulation of the chorda tympani was 
preceded by occlusion of the duct during secretion elicited by stimulation 
of the chorda tympani. 

The experiment represented in figure 8 shows the ^ect of atropin 
upon the results described above. In record A , the first stimulation 
of the chorda tympani elicited 3 drope of saUva. Following that stimu- 
lation 1 mgm. of atropin was injected intravenously. This effectively 
paralyzed the chorda tympani for the prevailing stimulus, as is shown 
by the absence of secretion with the second stimulation. Gum-saline 
was then injected backwards through the duct into the gland and the 
duct de-occluded within a minute. The next stimulation elicited 2 
drops of secretion thoi^ the subsequent stimulation was ineffective. 
In record B, a continuation of the experiment, the chorda tympani and 
vagosympathetic were simultaneously stimulated producii^ 2 drops 
of secretion. The accelerated volume-flow of blood shortly following 
was a result of the injection of 11 mgm. of atropin. Stimulation of the 
vago-eympathetic following that injection in record C was ineffective 
80 far as secretion is concerned, but reduced the flow of blood. In 
record D, gum-saline was injected into the duct between the breaks on 
the time record. One drop left the cannula on de-occlusion. Subse- 
quent stimulation of the vago-e[ympathetic yielded 4 drops and final 
stimulation none. Similar results have been obtained after the intra- 
venous injection of 350 mgm. of atropin. 

DISCUSSION 

From the work of Langley we know that during rest some of the 
constituents of salivary secretion are elaborated and stored ready for 
subsequent secretion. It appears that even after the glandular cells 
are well stocked with zymogen granules, secretion may yet occur in 
two definite stages, final elaboration followed by ultimate liberation. 
Various observations point in that direction, e.g., the observation of 
Langley on the augmenting effect of stimulation of the chorda tjmipani 
upon the secretion elicited by subsequent stimulation of the sympathetic 
fibers. Stimulation of the chorda tympani too weak to elicit secretion 
may produce a definite electrical deflection. In the precedii^ paper 
it was noted that a gland subjected to a subnormal flow of blood failed 
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to secrete durii^ the period of stimulation of the chorda tympuii, 
whereas it secreted 20 to 30 seconds after cessation of stimulation when 
the flow of blood through the gland was suddenly accelerated. The 
observation in the present paper, that a gland may continue to secrete 
for a period of 4 or 5 minutes after the cessation of stimulation, as is 
shown in the de-occlusion experiments, is likewise of significance; as 
is also the fact that injection of atropin in amounts sufficient under 
usual experimental conditions to paralyze the secretory endii^ of the 
chorda tympani, fails to prevent a discharge from the gland on stimu- 
lation of the chorda tympani after a previous injection of gum-saline 
into the duct of the gland. 

Unfortunately we do not understand the reaction of the gland to 
increased salivary pressure. The fact that a storage of more than 2 
drops of saliva in the ducts embarrasses the gland and that 13 drops 
of saliva may be secreted after the duct is occluded for a period of 2.5 
minutes indicates that at least not all of the after-secretion following 
de-occlusion is due to an expression of saliva contained within the dis- 
tended ducts. The slowness of the secretion would also speak against 
this. Yet we have some evidence pointing to the contractility of the 
salivary ducts; for example, when the gland is secreting at an even rate 
as a result of an injection of pilocarpin, a short stimulation of the chorda 
tympani results in a momentary acceleration of secretion followed by 
a compensatory slowing which in turn gives way to a rate ^proaching 
the initial rat«. 

- We know that when secretion occurs against a high resistance much 
of the saliva is filtered backward into the interspaces of the gland. 
The extreme slowness of secretion in certain instances following de- 
occlusion of the duct suggests the passage of this saliva back into the 
ducts. So far as I know we have no evidence that an increased saUvary 
pressure results in filtration of saUva back into the secreting cells them> 
selves or prevents the liberation of saliva which is already in these cells. 
Since "secretion" m^ be elicited following backward injection after 
atropinization sufficient to paralyse secretion, there is the possibility 
that under more normal conditions fluid is filtered backward into the 
cells, this fluid being later tiberated. A part of the excess fluid within 
the cells may be liberated by a passive mechanism on the reduction 
of the salivary pressure accompanying de-occlusion, but the passive 
mechanism may not be sufficient to Uberate all of the excess fluid or 
secretion and this may then be actively liberated upon stimiilation of 
the chorda tympani. It seems not improbable that this active libera- 
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tion may be the result of active contraction of certfuu constituents 
of the secreting cells themselves. This problem needs further investi- 
gation and will be reported upon later. The results so far indicate 
only that atropin in certain stages of atropinization paralyzes primarily 
the function of elaboration of secretion leaving the function of Uberation 
more or less intact. 

As to the nature of the changes in volume-flow of blood produced 1^ 
increased salivary pressure we can say that they are not of a central 
reflex origin if all the vasomotor nerves to the gland run in the chorda 
tympani and vago-sympathetic, for these changes in flow occurred after 
section of both nerves. The decreased flow obtaining durii^ the period 
of increased pressure may well be a mechanical effect of compression 
of the capillaries and venules, for it obtains durii^ stimulation of the 
chorda tympani when the factors normally producing dilatation are 
at work, as well as when the glajid is at rest. On de-occlusion of the 
duct the compressing pressure vanishes and the flow of blood not only 
return^ to normal but greatly exceeds the normal. When this acceler- 
ated flow was first noticed with occlusion accompanying stimulation 
of the chorda tympani it was thoi^ht that possibly more energy was 
required for secretion against a high pressure and that the accelerated 
flow of blood supplied this needed enei^. The accelerated flow result- 
ing from backward injection into the duct of the resting gland is con- 
tradictory to this view. The accelerated flow does not seem to be due 
to a specific chemical irritation of the saliva itself for it occurs after 
injection of inert solution, such as saline and gum-saline. Whether a 
backward filtration into the secreting cells would bring about increased 
volume flow of blood we do not know. The only suggestion we have 
at present to account for the accelerated flow is the tissue damage 
resulting from backward filtration into the tissue spaces and possibly 
into the cells themselves. 



Occlusion of the duct of the ^bmaxillary gland of the dog during 
secretion eUcited by the injection of pilocarpin produced characteristic 
electrical deflections. 

Injectionof gum-flaline into the duct produced somewhat comparable 
deflections. 

Occlusion of the duct along with stunulation of the chorda tympani 
modified in a more or less typical way the usual electrical deflection 
obtained by stimulation when the duct was not occluded. 
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Occlusion of the salivary duct during secretion elicited by the injec- 
tion of pilocarpin retarded the flow of blood. The after-^ow of blood 
was at times accelerated. 

Backward injection of gum-saline into the salivary duct of the resting 
gland retarded the flow of btood during the period of mcreased pressure. 
Release of that pressure resulted in an accelerated flow of blood at 
times lasting many minutes. 

Occlusion of the duct durii^ secretion ebcited by stimulation of the 
chorda tympani frequently retarded the flow of blood. De-occlu^on 
was followed by a markedly accelerated after-flow of blood. 

De-occlusion of the sahvary duct during secretion elicited by the 
injection of pilocarpin was followed by a short period of accelerated 
secretion. This accelerated secretion never compensated fully the 
absence of secretion during the period of occlusion. 

De-occlusion of the duct several minutes subsequent to injection of 
gum-saline into the duct was followed by an after-flow from the duct 
of to 4 drops. 

Occlusion of the salivary duct along with stimulation of the chorda 
tympani was followed upon de-occlusion by a secretion lees in amount 
than that normally elicited with the duct unoccluded. The amount 
of Bfdiva unaccounted for varied considerably with the animal, the 
duration of occlusion and the amount of secretion obstructed. 

De-occlusion of the duct after obstructing for several minutes a 
temporary secretion ehcited by stimulation of the chorda tympani may 
be followed by a slow secretion lasting 4 to 5 minutes. 

Occlusion of the duct durii^ secretion elicited by the stimulation 
of the chorda tympani increased the amount of saliva ehcited by subse- 
quent stimulation of the chorda tympani. or vago-eympathetic. The 
latent period of secretion was also reduced by several seconds. 

Backward injection of gum-saline into the resting gland increased 
the amount of secretion el cited by subsequent stimulation of the chorda 
tympani or vago-sympathetic and reduced the latent period of secretion. 

Injection of atropm sufficient to check secretion elicited by the stimu- 
lation of the chorda tympani or vago-sympathetic may fail to prevent 
secretion with similar stimulation after backward injectitm into the 
salivary duct. 

If all the nerve fibers reaching the submaxillary gland nm m the 
chorda lingual and vago-eympatbetic the changes in voliune-flow of 
blood resulting from increased salivary pressure are not of a cenlj^ 
reflex origin. 
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The decreased volume-fiow of blood during the period of increased 
salivfuy pressure is probably due to mechanical occlusion of the capil- 
laries or venules. 

It is suggested that the accelerated flow of blood following de-occlu- 
sion is a result of tissue damage from backward filtration into the tisaue 
spaces, and possibly into the cells tbranselTes. 

The efiFects of occlusion of the duct upon secretion ehcited by stimu- 
lation of the chorda tympani suc^;e8t8 that secretion may occiu* in two 
definite stages. The effects of atropin on alimented secretion follow- 
ing backward injection of gum-saline into the duct suggests the same 
inference. 
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When the chorda tympani is stimulated definite effects ai« produced 
in the aubmoxillaiy gland among which are: secretion of sahva, an 
augmented Sow of blood, a change in the electrical condition of the 
gland and an accelerated oxidation. This paper considers briefly BOme 
of the effects of the intravenous injection of atropin upon these processes. 

The work is a continuation of the study of electrical deflections of 
the submaxillary gland and has a bearing upon the problems of vaso- 
motor control. In paper II of this series (1) the nature of the electrical 
deflections eUcited by stimulation of the chorda tympani was discussed. 
It was pointed out that such factors as the type of lead, the strength 
and duration of stimulation, tiie period of rest, etc., all influence the 
kind of deflection obtained. It is essential then to keep these factors 
in mind in connection with the effects which atropin produces upon 
electrical deflections elicited by stimulation of the chorda tympani. 

We know from the work of others the effect which atropin has upon 
secretion of saliva. These effects, when noted in this work will, there- 
fore, be discussed only in their connection with the changes in volume- 
flow of blood, the electrical condition of the gland and oxidations. 

Atropin influences the electrical response of the gland profoundly 
as was shown by Bayliss and Bradford (2). I have obtained like results. 

Figure 1 shows the effect of the injection of 1.5 mgm. of atropin. 
Record A, shows the effects of stimulation of the chorda tympani with 
both vago-sympathetics intact before the mjection of atropin. Record 
D, shows the ^ects of stimulation after double vago-section and atro- 
pinization. Records B and C, show the effects of section of the left 
and right vago-sympathetics respectively. Atropinization abolished 
20* 
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both the secretion and the electrical deflection elicited by stimulation 
of the chorda tympani, and from recoidB B and C, it is apparent that 
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volume^ow of blood per se was of little if any aignificance in the de- 
velopment of electricaJ changes. In record A, where the vo1um&4ow 
of blood was least affected the largest electrical deflection occurred, and 
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in records C and D, where the flow waa enormouBly accelerated, both 
passively and actively, there was practically no change in the electrical 
deflection. 

Figure 2 shows the effects of repeated injections of small amounts of 
atropin, each injection occurring several minutes before stimulation 
of the chorda tympani. The amounts injected are noted on the record 
— the upper figure represents the amount injected prior to stimulation 
and the lower figure the total amount injected at that moment. In 
record A, before the injection of any atropin, stimulation of the chorda 
tympani elicited a copious secretion, a copious flow of blood and a 
laige electrical deflection. In record B, after the injection of 1 mgm. 
of atropin, similar stimulation ehcited approximately the same flow 
of blood but the secretion waa reduced to only \ drop and the electrical 
deflection was nearly abolished. The injection of another milligram 
of atropin before record C, although exertmg no further visible effect 
upon the volume-flow of blood, paralyzed secretion and abolished the 
electrical deflection. The subsequent records followed the injections 
of 4, 7, 9 and 50 mgm. of atropin respectively. The electrical response 
of the gland continued to be absent, at least the deflections which oc- 
curred during the period of stimulation of the chorda tympani were 
no greater than those which occurred during the periods of rest. At 
times the accelerated flow of blood resulting from stimulation of the 
chorda tympani was reduced by the injection of atropin as is apparent 
from a cupful comparison of records.^ and B of figure 3. It is of interest 
to note in connection with figure 2 that although the accelerated super- 
basal flow of blood was slightly reduced, the after-flow was greatly 
prolonged so that the sum total of the effects was a greater superbasal 
flow for equal stimulation after the administration of atropin. Note 
that in the lower records the basal flow of blood is considerably ac- 
celerated. The acceleration was not due to a rise of blood pressure. 
It occurred after section of the chorda tympani and the vago-sympfr- 
thetic and therefore was peripheral in origin. 

Figures 3, 4 and 5 show results of other experiments. In figure 3, 
the adnunistration of 0.08 mgm. of atropin nearly paralyzed secretion 
for the prevailing stunuliu, only 1 drop was elicited as compared with 
6 drops before atropinization. It likewise reduced the superbasal flow 
of biood. The electrical deflection was still very distinct. In figure 
4, t^en from a different animal, a similar injection abolished secretion 
entirely. The electrical deflection was still prominent and the super- 
basal flow of blood during the period of stimulation was hardly affected, 
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but the prolongation of the auperbasal flow of blood occurred again. 
Further injections abolished the upward deflection, but it will be noted 
that stimulation of the chorda tympani then produced a very small 
downward deflection. Though atropin usual^ abolished the electrical 
deflection this reversal was not an uncommon occurrence; but as a rule 
it was of small magnitude and occurred even after lai^ injections of 
30 or more milligrams of atropin. 




Fig. 6 

If the injection of atropin prevents the development of an electrical 
deflection when the chorda tympani is stimulated, it might be logical 
to expect the injection of atropin to abolish an electrical deflection which 
is already in progress as a result of a continuous stimulation of the 
chorda tympani. Figures 6 and 7 show the results obtained on this 
point. In record A, figure 6, the chorda was stimulated before atropini- 
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zatioD. At the cessation of atimulatioii a sharp downward deflection 
occurred. In record B, atropin waa injected during the period of stimu- 
lation. When the atropin reached the gland the same sharp downward 
defiection occurred, although the stimulation of the chorda tympani 
continued. In figure 7, record B, where the atropin reached the gland 
at relatively the same time interval as cessation of stimulation in record 
A, the electrical deflections were nearly identical. From the electrical 
deflections one might conclude, neglecting the volume-flow of blood, 
that atropinization during stimulation of the chorda tympani and 
cessation of stimulation call forth the same effecte. 

It is obvious that we know too Httle about electrical phenomena in 
living tissues to arrive at such a definite conclusion, yet I have tried in 
an indirect way to put this conclusion to the test. It should be pos- 
sible to grade the strength of stimulation, or perhaps more correctly 
stated, the end effect of stimulation, in two ways — mechanically by 
regulating the strength of shock dehvered by the induction coil, and 
physiologically by reducing the effectiveness of stimulation of constant 
strength by the injection of graded doses of atropin. A comparison 
of the electrical, secretory and vasomotor response of the gland with 
these two methods of gradation of stimulation seemed worth while 
attempting. The results obtained on two animals are shown in figures 
8 and 9. The chorda tympuii was stimulated at regular intervals with 
stimuU of equal duration. In the first observation in both experi- 
ments the stimulation was too weak to ehcit visible secretion. The 
strei^h of stimulation was then increased with each observation up 
to an arbitrary ninTiTTiiiiin That maximum was then kept constant 
for the remaining series of observations, but prior to each stimulation 
small amounts of atropin were injected, as small as 0.05 mgm. Each 
increase in strength of stimulation elicited an increase in the amount 
of secretion and a decided change in the electrical deflection. After 
the maximum strength of stimulation was reached each injection re- 
duced the amount of secretion and ehoited just as decided changes in 
the electrical deflection. The records show the results obt^ned and 
hardly need a lengthy discussion. To be sure, the corresponding 
deflections obtained with increasing and decreasing activation as indi- 
cated by the secretion are not supeiimposable, yet if we carefully 
compare the tracings of figure 8 keeping three factors in mind — the 
magnitude of the upward defiection, the reversal of the deflection to a 
downward deflection, and roughly, the general contour — definite simi- 
larities in the deflections of the two series appear. Considering the 
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fact that identical deflections can be obtained only when many factors 
remain p^ectly cobstant and that two series of deflections — one ob- 




Fig. 8 

tained with increasing strength of electrical stimulation and the other 
with decreasing strength of electrical stimulation — show dissimilarities, 
as demonstrated before, it is significant that the two series of deflections 
as obtained in this research have as many points in common as they do. 
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If the electricid metbod detects minute changes in metabolic activity 
we should be forced to conclude that a small injection of atropin may 
abolish visible secretion aa normally elicited by stimulation of the 
chorda tympani, and yet permit activation of the gland as is indicated 
by the marked electrical deflection which may occur in the absence of 
visible secretion. This conclusion agrees with the later work of Bar- 







Fig. 9 



croft (4) on oxidations in the submaxillary gland after atropinization 
and is in agreement with his theory of metabolite control of volume- 
flow of blood. Another conclusion we should be forced to draw is that 
larger injections of atropin may abolish all metabolic effects which the 
chorda tympani has upon the submaxiUary glands. This conclusion 
agrees with the earher results of Barcroft (3) on oxidations in the sub- 
maxillary gland after atropinization. If correct, it reduces the impor- 
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tance of metabolite control, this control then only complementing the 
control by the vasomotor nerves. 

In some experiments in which I have measured the oxidations of the . 
gland as affected by stimulation of the chorda tympani after the injec- 
tion of 3 to 5 mgm. of atropin (5), I found that although occasionally 
oxidations were increased as much as 15 per cent above the oxidations 
during rest, as a rule, oxidations were not increased by stimulation of 
the chorda tympani. (The Van Slyke method was used.) This amount 
of atropin usui^ abolished the electrical deflections. Oxidations were 
not studied after smaller injections. It would appear that the amount 
of atropin administered might markedly influence the results. 

We know that living tissues, such as the secreting submaxillary gland, 
the thyroid gland, the kidney, and a nonglandular tissue such as muscle, 
exhibit electrical changes when their supply of blood is markedly inter- 
fered with. The inference might be that the electrical deflection is 
due to disturbed oxidation. In keeping with this inference is the 
observation that the metabolism of injured tissue is higher than that 
of normal tissue; on this basis the current of injury has been attributed 
to greater oxidations at the point of injury. 

The dehcacy of the electrical method of detectii^ metabohc activity 
has been demonstrated in many ways by Waller (6) in hia researches 
on the Signs of Life. Yet it must be pointed out that a lack of chaise 
in electrical condition of a tissue need not necessarily indicate an absence 
of change of metabolic rate, for we know that a symmetrical structure 
such as the web of the frog's foot does not give an electrical deflection 
when excited symmetrically, whereas the single l^er of skin of the back 
of the frog gives a large- deflection. The magnitude of the deflection 
does not always vary in direct proportion to the rate of salivary secre- 
tion; m fact, occasionally the reverse happens. Apparently a balanced 
action of two effects of stimulation comes into play. There is, however, 
no evidence that symmetry of structure or perfectly balanced effects 
come into play more after atropinization than before. 
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From "The Journal" A. M. A., August 21, 1920. pa^e 567 
Is Quoted the Following 

"Bensyl Benioate in Hiccup. Macht has found beniyl benioate to be an invaluable medi- 
cine in the treatment of persistent hiccup of both adults and children. Not only has it been 
found useful in allayingtne ordinary mild forms of hiccup ao common in infants, but the drug 
has been found to be ^cient in stopping thoae forms of hiccup termed pernicious, that is, 
those cases in which the phenomenon persisted for long perioas of time, from twenty-four 
hours to several days, and in which the singultus was unaffected by all other forms of medici* 

nal treatment, both external and internal. Inasmuch aa benzyl beuEoate exerts its chief 

^ect peripherally on the smooth muscle structures, the author is inclined to believe that this 
drug may be moat useful in the treatment of hiccups of peripheral origin. The benzyl ben- 
soate exerts its action best when given in a 20 per cent solution in alcohol." 

SOLUTION OF BENZYL BENZOATE-MISCIBLE, H. W. & D. 

(M par cant Aloohirflc Solutton) 

Supplied in two fluid ounce bottles 

T milk and quite agreeable to ingest 

_ , „ jier or a smaller amount of the latter 

and acceptably sweetened, 

LiUTeUme and sample upon rtqwst 

HYNSON, WESTCOTT & DUNNING 
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3— Treatment <^ Shock and Collapse 



THE therapeutic importance of 
Adrenalin in shock and col- 
lapse is suggested by their most 
obvious and constant phenome- 
non — a loss in blood pressure. 
The cause and essential nature 
of shock and collapse have not 
been satisfactorily explained by 
any of the theories that have 
been advanced, but all observers 
are agreed that the most striking 
characteristic of these conditions 
is that the peripheral arteries 
and capillaries are depleted of 
blood and that the veins, espe- 
cially those of the splanchnic 
region, are congested. All the 
other symptoms — the cardiac, 
respiratory and nervous mani- 
festations—are secondary to this 
rude impairment of the circula- 
tion. 

The term collapse usually desig- 
nates a profound degree of shock 
induced by functional inhibition 
or depression of the vasomotor 
center resulting from some cause 
other than physical injury, such 
as cardiac or respiratory failure. 

Treatment aims to raise the 
blood pressure by increasing per- 
ipheral resistance. As a rapidly 
acting medical agent for the cer- 
tain accomplishmentofthisobject 
Adrenalin is v?ithout a peer. In 
cases of ordinary shock 
it is best administered by -j-i 
intravenous infusion of '*" ■^ 
high dilutions in saline 



scdution. Five drops of the 1:1000 
Adrenalin Chloride Solution to an 
ounce of normal salt solution 
dilutes the Adrenalin to approxi- 
mately 1:100,000, which is the 
proper strength to employ intra- 
venously. A slow, steady and 
continuous stream should be 
maintained by feeding the solu- 
tion from a buret to which is 
attached a stop-cock for the regu- 
lation of the rate of ilow 

In those cases marked by ex- 
tremely profound and dangerous 
shock or collapse the intravenous 
method may prove too slow or 
ineffective. Recourse should then 
be had to the procedure described 
by Crile and called centripetal 
arterial transfusion. Briefly it 
consists in the insertion into an 
artery of a cannula directed 
toward the heart Into the rub- 
ber tubing which is attached to 
the cannula 15 to 30 minims of 
Adrenalin 1:1000 is injected as 
soon as the saline infusion begins. 
The effect of this is to bring the 
Adrenalin immediately into con- 
tact with the larger arteries and 
the heart Sometimes, even in 
apparent death, 1 
Bume its contract 
tributing the M 
the arterial syst 

plishing 
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In a survey of the literature upon the vagus nerves, one can not but 
be struck by the fact that so many workers in this field have paid so 
little attention to a clear discrimination between the right and left 
V£^. General conclusions have been drawn, with regard to vagus 
activity, which are applicable only to the left vagus, and in the earlier 
publications no attempt even was made to differentiate between va^us 
and accelerator nerves, so that functions peculiar to different nerves 
have been assigned to both vagi. 

The idea that the vagus nerves may or may not exert contralateral 
effects was not put to the test of experiment till 1911, when Garrey (1) 
carefully considered the matter, using the whole and partially spHt 
heart of the turtle and recording his results graphically. His con- 
clusions, which are very definite, are as follows. He asserts first, that 
the or^in of the beat is to be found in the right caval veins, the inherent 
rhythmicity of which he showed to be greater than that of the sinus 
and auricles and then he shows that, in the whole heart, the right vagus 
affects chronotropically, through its action on the right veins, every 
part of the organ, while the left vagus may affect the whole, including 
the right veins, but that usually it affects the left veins, the sinus and 
the auricles, producing quiescence by decreasing the excitabiUty, con- 
ductivity and contractility of the auricles, leaving the rhythm of the 
right veins unaffected. In the "ascidian preparation" of the turtle's 
heart, in which the beat travelled from right to left, very clear con- 
clusions were arrived at, namely, that the right vagus stopped the whole 
217 
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preparation, while the left inhibited the left auricle and right auricle, 
the right basal veins still continuing to beat at their original rhythm. 
This, according to Garrey, is due to the fact that the left va^^s does 
not affect the pace-maker, but acts upon structure similar to that upon 
which normal cardiac impulses act. The essential point determined 
is that the vagi act chronotropically on their respective sides, upon those 
parts which initiate the rhythm. This is the basis of the homolateral 
view of the action of the vagi, which has been so strongly brought for- 
ward by Garrey who, however, showed that such effects were not so 
clearly marked with regard to the auricles, and he states "that the 
experiments bring out clearly that in auricles as well as in veins and 
sinus the vagus effects may cross to the contralateral side." 

Robinson and Draper (2), from an investigation of the action of the 
vagus nerves upon the human heart, corroborate previous findings on 
the mammalian heart, namely, that the predominant action of the 
right vagus is a control of rate, through its inhibitory action upon the 
normal pace-maker of the heart, and that of the left nerve is primarily 
a control of conduction from auricle to ventricle, through a direct 
inhibitory effect upon the conducting system and that in gauging the 
difference upon conducti^'ity of the right and left vagi, the factor of 
heart rate must be taken into account. Again, with regard to auriculo- 
ventricular dissociations, it was shown that these are not caused by 
diminution in the conductivity, but are essentially due to the inherent 
high rate of rhythmicity of the ventricles, dissociation occurring as 
soon as vagus stimulation reduced the auricular rate below that at 
which the ventricles will contract by their own inherent rhj-thmicity. 
This viewpoint is supported by experiments of Rothberger and Winter- 
berg (3) who demonstrated true nodal rhythm by stimulation of the 
right vagus and left accelerator nerves. 

Cohn (4) in 1912 stated that negatively chronotropic effects may be 
obtained upon stimulation of the left vagus and he made this significant 
statement "that it is doubtful whether the distribution that has been 
described is as refined as is necessary to explain the results" he obtained. 

With regard to the importance of heart rate in gauging dromotropic 
eilects of the vagi, attention is drawn to a paper by Robinson (5) in 
1916, in which he shows that there is no constant difference between 
the right and left vagus nerves in their action upon conductivity be- 
tween the auricles and ventricles during auricular fibrillation. 

The first report upon the electrical changes in the heart due to vagus 
stimulation was made by Gaskell (6). The type of experiment wliich 
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he describes depends upon the peculiar arrangement of the vagus nerve 
in the tortoise heart, where a. branch of the va^s runs with the coronary 
vein from the sinus to the base of the ventricle. This "coronary" 
vagus being free, the sinus and left auricle could therefore be cut off 
without damage to the nerve supply of the right auricle, thus allowing 
of a quiescent preparation. A demarcation current having been pro- 
duced by "thermic section" and the right vagus stimulated, a deflection 
was obtained in the same direction as that of the injury current, indi- 
cating increased positivity of the uninjured part. These experiments 
were carried out by means of a d'Arsonval galvanometer. 

Gotch (7) in 1887, using a capillary electrometer, could not obtain 
this vagus effect, the position of the meniscus, upon vagus stimulation, 
remaining at the position obtaining during diastole. It was suggested 
by Burdon Sanderson (8), during a discussion of this subject, that the 
capillary electrometer was probably not sufficiently sensitive to detect 
such slight changes of potential as had been detected by Gaskell by 
means of a much more sensitive instrument. 

Einthoven (9) in 1908 criticised Gaskell's results and doubted their 
accuracy because, by means of the string galvanometer he was imable 
to detect any changes of potential whatsoever. That Gaskell was 
correct was clearly demonstrated in 1911 by Meek and Eyster (10), 
who with an Edelmann galvanometer, using the tortoLse heart prepared 
according to Gaskell's method, obtained uniformly .positive results. 
Theirs was an exceptionally clear corroboration of the Gaskell phe- 
nomenon, as evidenced by a rapid deflection of the string and its slow 
retiim to the original position. If the heart were beating, thb pro- 
longed slow fall of the strii^ to its original level would be cut short 
by the first beat following upon inhibition and the return of the base 
line to the zero position would be rapid. That this happens in the 
beating heart was shown by Samojloff (11), who used the same type 
of instrument. The hearts of decapitated frogs were utilized, an injury 
current was produced by the application of a drop of 1 per cent KCl 
to the apex of the heart, and leads taken, one from the apex the other 
from an uninjured part of the heart. A monophasic variation was 
obtained with each beat, and upon stimulation of the right vagus the 
zero line was deflected in the direction of the injury current; the deflec- 
tion was slow and emphasis was laid upon the fact that the return of 
the string did not begin until a contraction supervened. 
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Electricai changes assoeialed with the aclion of the vagi 

The fundamental principle involved in determining these changes 
depends upon the following acceptation. 

With a demarcaticm current or injury current. In normal muscle 
excitation is evidenced by an increased negativity of the part involved 
and electrodes can be so arranged that such negativity gives rise to an 
upstroke of the string of the galvanometer. When in the heart an 
injury current is produced, the injured surface becomes electrically 
negative to the uninjured part and the difference of potential thereby 
occasioned gives rise to a deflection of the string in a direction opposite 
to that which denotes excitation in normal muscle. A wave of excitar- 
tion passing over such a field woulil produce at the positive or unin- 
jured part a decrease of its poaitivity with respect to the injured 
spot and therefore cause a rise in the direction of, but smaller than, 
that due to a normal contraction. If the vagus nerve be stimulated, 
its effect is to reduce the condition of negativity and therefore relatively 
increase the positivity, the result being a deflection of the string in 
the same direction as that of the injury current. 

In the normal or uninjured condition. To obtain monophasie vari- 
ations from the action of the heart muscle, one electrode must be placed 
on the heart, the other on a part of the body wall sufficiently removed 
from the heart to allow of the activity of all parts of the heart muscle 
being marked by an upward deflection. If now the electrical changes 
of the heart, due to its actii-ity, are not totally inhibited, these will 
show themselves as upstrokes of reduced amplitude, arising from a 
zero line at a lowered level. 

It may be assumed that whatever occasions the beat produces a 
sudden catabolic change, a change dependent upon a previous building 
up of excitabiUty or, to use Gaskell's term, a process of assimilation. 
There is no reason to suggest that such a process of assimilation should 
be of such a sudden nature as that of the catabolic discharge or dis- 
similation; the deflection caused by the one may be wholly different 
from that caused by the other, the factor chiefly concerned being that 
of velocity. It is supposed that th^se anabolic changes are inaugurated 
by vagus action and therefore that electrical stimulation of the vagus 
increasing these, it should be possible, using a galvanometer of sufficient 
sensitivity, to detect the changes in potential arising therefrom. 
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During inhibition the heart auffers an aheration of its excitability 
and its activity is depressed. It may therefore be feasible to accept 
the interpretation of Samojloff's curves, that contractions may be 
resumed at an increased level of anabolism, provided the process has 
reached completion and stopped, as otherwise it is difficult to conceive 
of contractions supervening during a process which is essentially of 
the nature of an inhibition. If the building up of excitability or the 
inhibitory process has not reached its maximal development, then, 
to explain the breaking through of heart beats, one must assume that 
the vagi and the contractions act upon different mechanisms in the 
cardiac muscle. Gaskell (12), McWilliam (13), (14), and Roy and 
Adami (15) state that excitability is diminished during inhibition but 
all that they can prove is, that the heart in inhibition was inexcitable, 
and tbat, during a period when it was establishing a necessary condition 
such that the subsequent stimulus should produce a contraction, that 
is, a condition of excitabihty. Therefore their diminished excitabiUty 
is associated with what may be regarded as a refractory period of 
inhibition. Just as there is a refractory period in catabolism so one 
postulates a similar condition in anabolism. This would support the 
idea su^ested that the upstroke is indicative of the true inhibitory 
period, i.e., the time till maximal deflection is reached, after which the 
excitability of the tissue is such that stimuU may be effective, which 
stimuli, however, may be delayed over a longer or shorter period, 
according to the degree of diminution of conductivity, which is a mani- 
fest effect of both vagi. 

The results of the experimental work to which reference has just 
been made, demonstrate clearly the occurrence of electrical chat^ges 
in the heart diiring vagus stimulation. These changes then may be 
employed to determine the distribution of the vagi in the heart, to 
demonstrate the action of these nerves upon its various parts and to 
decide if possible by what means vagal impulses are propagated. To 
do this a preparation of the whole and aiao of the partially split heart 
has been used. 

Experiments carried out with the d'Araorwal galvanometer 

From previous work done, using the string galvanometer for deter- 
mining the electrical changes occurring in the heart upon vagus stimu- 
lation, it was found that, in the normally beating heart, the string 
galvanometer is too sensitive an instrument to withstand the action 
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current of the heart, when the string is slackened to that extent which 
is necessary to give definite evidence of the positive variations. With 
sensitivities such that 1 m.v. gives deflections from 5 to 10 cm., the 
results are in many cases not convincing. It was therefore determined, 
seeing that it was impossible to carry out these experiments upon a 
quiescent heart, to utilize a very sensitive d'Arsonval galvanometer 
and, by means of a rheotome, to place it in circuit with the heart only, 
during the very brief period of its quiescence between beats. 



The rheotome. This consisted of a brass segmeated wheel having 
one continuous central contact ajid two, one on either side of the former, 
in which there was placed a different length of fiber, so that by adjust- 
ment of these, any length of non-conducting material could be readily- 
obtained. ThHS by using three contacts, the two external being con- 
nected, a definite period of time could be obtained during which the 
galvanometer could be thrown into the circuit. This period was chosen 
so that the ventricular, auricular and sinus effects could be eliminated. 
The circumference of the rheotome was 500 mm., the gap was, after 
experiment, cut down to 45 mm. 

The quiescent period of the heart. To throw the galvanometer into 
circuit at this point of the cardiac cycle, a simple make and break 
device was arranged whereby the relaxation of the ventricle completed 
the circuit between six storage cells and a solenoid, which lifted the 
catch checking the rheotome wheel. This allowed the wheel t« rotate, 
the retaining pawl being so placed that immediately it was lifted upon 
ventricular relaxation, the galvanometer was put in circuit with the 
heart. The rotation of the segmented wheel was so arranged by a 
switch upon the power table, that one revolution was just completed 
within the period of the cardiac cycle. The pawl, which was dropped 
upon contraction breaking the circuit, stopped the wheel for a very 
brief moment, depending upon slight variations in the heart rate. 

It was found that in the majority of cases it was necessary, in order 
to obtain a quiescent period, to cool the heart, because, in a heart 
beating at the rate of thirty per minute, the sinus was in action some- 
times during a ventricular contraction, or following so closely upon 
ventricular contraction that the rheotome method was rendered of 
no avail. The sinus was cooled by means of a blind perfusion cannula, 
through which was maintained a continuous flow of ice-cooled water 
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of a temperature of about 10°C. The cooled point was maintaioed 
upon a definite spot on the sinus, a spot previously determined as being 
the seat of highest rhythmicity. 

TAe sensiiwiiy and calibraiion of the galvanometer. The d'Arsonval 
giJvanometer used in these experiments was the type "R" of the Leeds 
& Northrup Company, which had a sensitivity of 5 X 10"'" amperes 
per mm. and a voltage sensitivity of 0.5 nmi. per microvolt, with a 
period of n seconds. Calibration of the instrument, with the rheotome 
nmning, gave readings for 0.1 m.v. of 7.3 cm. in 5 minutes and a return 
to 0.5 em. from zero in 6.0 minutes. Therefore a deflection of 7.3 
cm. = 0.1 m.v. and is equal, without the rheotome to a deflection of 
22 cm. From this it is seen that to obtain full values with the rheotome 
method, it would be necessary for the vagus effect to last 5 minutes. 
From the rate of rise of the curves and from their magnitude it will 
be seen that the "vagus" effect is a very marked one, is maintained 
and is dissipated quickly by subsquent beats. 

A difficulty which arises with the rheotome method is, after vagus 
stimulation, to cut out the prolonged beats of the auricle which usually 
encroach upon the quiescent period of the heart, even abolishing it, 
and so cause a sudden retiim of the beam of l^t, which may reach 
its original position or pass beyond it in two or three steps. One can, 
however, by operating the rheotome with a key, cut out the auricular 
beats occuning immediately after inhibition, the solenoid circuit being 
broken upon the first sign of movement in the basal veins. 
- CompenaaUan of the injury aareni. With a very slowly moving coil 
galvanometer, with the time of stimulus very short, namely 0.18 
second when the rheotome was making thirty revolutions to the 
minute, the response to small currents may be so small as scarcely to 
be noticed. In compensating, therefore, one must accurately gauge 
the period of the heart cycle in which no electrical eflfects from auricular 
beat are allowed to encroach upon the period of quiescence. The 
siniis effect is so small that deflections caused thereby can be ignored, 
but small inclusions of auricular effects would simulate over-compen- 
sation. This, as well as the opposite effect of under-compensation, 
must be guarded against, because the latter, if not accurately gauged, 
will give defiectious in excess of those due to vagus stimulation, since 
a deflection denoting an increased positivity is an extension of that of 
the injury current. 

Type of reading obtained. It is essential, if maximal deflections are 
to be obtained, to stimulate the vf^;us, maintaining the quiescence of 
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the heart, till there ia no further increase in the amplitude of the deflec- 
tion. This may necessitate a vagus stimulation up to from 60 to SO 
seconds, although maximal deflections are usually obtained well within 
this period. The type of reading resulting from this method is shown 
on the tracii^, these records having been made by a device of Gesell 
(16), in which the beam of light can be followed and the curve recorded 
upon a moving drum. The record is in the form of a series of steps 
which are of varying sizes and are in the form of curves as shown in 
several tracings. It was not practical to follow accurately these fine 
swinging movements of the beam of light. The first few initial steps 
are steep; they then rapidly become less and less in size till, at tho 
plateau of the curve, the email pendular movements synchronous with 
each revolution of the rheotome only are in evidence. The plateau 
may be maintained for a longer or shorter period and is, unless the 
rheotome is controlled by hand, suddenly terminated by the first 
auricular contraction. 

Type of reading mthmU the rheotoms. In the partially spht heart, 
where the wave of contraction sweeps from right to left, it is of course 
possible to prevent auricular or ventricular effects of the side under 
observation, from affectii^ the galvanometer, but it has been found 
that after 2 or 3 hours, when the activity of the heart has become 
considerably lessened, the ventricle has httle effect upon the galvano- 
meter, the sinus none at all and the auricular contractions show as 
small deflections, with a total amplitude of from 1 to 1.5 cm. With 
such a weakly contracting heart, beating at about sixteen per minute,- 
the mean of these deflections can be taken, because the beats are usually 
so weak that any cumulative effect takes a considerable time to show 
any alteration in the mean level of the beam of light. Thus the changes 
occurring upon vagus stimulation are quite easily discernible. 

The whole heart 

Table 1 shows that the right vagus is always markedly active upon 
the right auricle and in many cases very slightly less so upon the left 
auricle. The point of note with regard to the left auricle is that, in 
about a fourth of the cases, the right vagus is more effective than the 
left, and generally the left vi^^us is always less marked in its action upon 
the left auricle than is the right v^us upon the r^ht auricle, while 
upon the right auricle the left vagus is, with three exceptions, decidedly 
weaker in action than either the right or the left vagus acting upon 
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its respective side. The tracings reproduced here as figures 1 to 5, 
Trith attached explanatory notes, illustrate the basis upon which these 
conclusions rest. All were obtained through the d'Araonval galva- 
nometer. 

TABLE 1 

RMullt with the d'Arsoniml galvanometer, toitk an injury eurrent 
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Without the rheotome 
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Fig, 1. Whole heart; right auricle, injury current; right vagus stimulation. 
ThisisatypicalreBult of the rise and fall during the quiescent' period of the heart. 
Here the only part of the curve not due to v&gus activity is the first downatroke 
occasioned by the commenciug auricular beat. The vagus was stimulated for 
36 seconds, the deflection obtained being 3.2 cm. 



Fig. 2. Whole heart; right auricle, injury current; left vagus stimulation. 
This record shows the steady rise step by step indicating increased positivity 
of the left auricle. The inhibition of the left side was maintained for a period of 
58 seconds, while stimulation of the vagus lasted for 60 seconds, producing & 
maximal deflection of 2.6 cm. 
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Fig. 3. Whole heart; left auricle, injury current; left vagus stimulation. Thia 
is a very good example of the 8t«ady step-like moTement of the beam of light. 
The vagus was here stimulated for 36 Beconds, the duration of the rise was 24 
aeoonds and the maximal deflection was 2.7 cm. 



Fig. 4. Whole heart; left auricle, injury current; left vagus stimulation. 
This tracing is of interest in showing the effect of one beat of the heart breaking 
through in a short inhibition, which is then followed by a steeper and longer rise 
giving a total deflection of 3.2 cm. Stimulation of the vagua waa continued for 
04 seconds and there w&s no apparent sign of shifting of the electrodes or tempo- 
rary stoppage of stimulation to account for the single beat. 
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Fig. 5. Whole heart; left auricle, injury cuirent; right vftgus Btimulation. 
The tot&l deflection of 2.0 cm. was obtained in 30 eeconds. The riae and fall are 
both typical, the fall below the original bsae line being due, probably, to a dimi- 
nution of Ute demarcation current. 



Fig. 6 



Fig. 7 



Fig. 6. Partially split heart; rheotome; rij^t auricle, injury current; right 
vagus stimulation. In this case the injury current was not compensated. The 
vagus acted for 12 seconds and gave a maximal deflection of 2.6 cm. 

Fig. 7. Partially split heart; rheotome; right auricle, injury current; right 
vagus stimulation. Here the pendular movements were followed as accurately 
as possible. This record shows exactly the type of movement which is performed 
by the beam of light upon the scale, aa the galvanometer responds to every brief 
impulse which it receives with each revolution of the rheotome. The inhibition 
was maintained for 26 seconds and the riae was complet«d in 15 seconda, the total 
deflection being 2.3 cm. 
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The -partiaUy split heart 

With the rheotome. The type of results obtained from the partially 
split heart when the d'Arsonval galvanometer is put into circuit by 
means of the rheotome is seen in figures 6 and 7 and table 2, and de- 
scribed in the legends to the figures. 

Types of defiedians obtained vnthoiU the rheotome. Using the rheotome, 
the results have, in the case of the action of the vagi on the contralateral 
sides of the heart, been invariably negative. In fact there is to be seen 
a slow movement of the beam of light in the direction opposite to that 
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indicating a positive variation, due either to a diminution of the injury 
current or to the effects of weak contractions from parts of the heart, 
other than the auricle under obsevation. The best and most decisive 
results in the partially spht heart have been obtained, without the 
rheotome, 2 to 4 hours after opening the pericardium and about J hour 
after making the sagittal section, because by this time the beats, run- 
ning from right to left, have lost much of their vigor and rapidity. 
The current of injury is not compensated and from the tracings (figs. 
8 to 13) it will be seen, that the movements, due to contractions, are 
very small indeed. 
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Fig. 8. Partially aplit heart; without rheotome; right auricle, iojuiy current; 
left vagUH stimulation. The movementB of the beam of light were successfully 
followed in this case and it will be noted that there is neither inhibition of the right 
auricular beat nor alteration of the base liae due to a atimulation of the left 
vagus lasting 62 seconds. 



Fig. 9. a, b, e. Partially split heart; without rheotome; right auricle, injury 
current; right vagus stimulation. These three are typical of results obtained 
without the use of the rheotome. The height and rapidity of the defections are 
comparable to those obtained by Gaekell, and show a definite electro-positive 
change. The deflections have a maximum of 3.8, 4.0 and 3.3 cm. with a time of 
3.0, 4.0 and 3.5 seconds, respectively. The tendency, even in a weakly beating 
heart, for the "vagus" effect to be repeated, is seen in these tracings. 
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Fig. 10. PartinHy split heart; without rheotome; left auricle, injury euircDt; 
left vagus stimulation. The action of the left vagua upon its own side, as graph- 
ically shown here, is similar to that obtaining in the whole heart. The respoiis» 
in rapid and the time taken to attain a ma^timal deflection of 3.8 cm. iB4.0 aeconda. 



Fig. 11. Partially split heart; without rheotome; left auricle, injury current; 
left vagus stimulation. This shows activity of the left vagus upon the left 
auricle three and one-half hours from the commencement of the experiment. 
1'he pendular movementa are due to the right auricular beats. 
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Fig. 12. Partially split heart; without rheotome; left auricle, injury curmnt; 
right vagus stimulation. The survival of the left auricular contractions in the 
partially split heart, upon right vagus stimulation, is clearly seen here. The 
more rapid beats due to the right auricular rhythm are seen at the beginning of 
the tracing and their almost immediate inhibition upon right vagus stimulation 
LS clearly shown, the slower left auricular rhythm remaining. That in this 
"ascidian" preparation the right vagus has no effect upon the uniform position 
of the base line, which is the mean of the auricular deflections, is deinonstrat«d 
in this experiment, where the right vagus atimuiation lasted for 58 seconds. 



Fig. 13. Partially split heart; without rheotome; left auricle, injury current; 
right vagus stimulation. The fact that the right vagus has no action on the left 
auricle in the partially split heart is again shown here. After the deflection of 
the injury current was obtained, the movements of the beam of light were fol- 
lowed and the right vagus stimulated for 00 seeonds. No alterations in the base 
line took place. The right auricular contractions were inhibited and the latter 
half ot the tracing shows only the left auricular deflections, which with thoir 
slower rhythm come into evidence toward the end of the tracing. This occurs 
after a period of stand-still of very brief duration, during which time the inherent 
rhythmicity of the left auricle becomes established. 
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The quaTUitaiive effects of the vagi 

The foregoing results with theu- demonstration of crossed vagal 
effects si^gested a quantitative study of these. 

To detennine what quantitative vagus changes may occur on both 
sides of the heart the graphic method was used and the curves plotted 
on co6rdinate paper. As the rheotome revolved at a rat« of either 
twenty or thirty revolutions per minute, and as both vagi, in most of 
the experiments, completely stopped the heart, the repeated contacts 
were made at regular intervals, thereby giving one a means of comparing 
the rate of deflection of the beam of hght step by step, each step denot- 
ing a definite period of time during wh'ch the galvanometer was in 
circuit with the preparation. To arrive at some idea as to the intensity 
of the vagus action, it is necessary to compare the deflections, using 
as a standard a definite period of time during which the nerves are 
stimulated, and to do thie the most convenient method is to take a 
number of steps or a number of revolutions of the rheotome, but not 
more than that required by the lowest curve to attain its maximal 
deflection. Without the rheotome, to take a definite height as a stand- 
ard and compare the time required to reach it, would be admissible, 
but with the rheotome a standard height precludes any comparative 
conclusions, because it manifestly gives the slower effect theadvantage 
of a greater number of contact periods. 

The curves are plotted for the position of the beam of light either 
every 5 seconds orior every revolution of the rheotome; the abscissae 
denote time in seconds and the ordinates deflections in centimeters. 
The stimulation of the vagus, marked by a signal, was iisuidly con- 
tinued till the maximal effects were obtuned, the time was recorded 
by a Jacquet chronograph and the records were made by Gesell's 
method already referred to. The results obtained can best be presented 
as descriptions of the curves. 

Figure 14- Here the right vagus was stimulated for 36 seconds, 
and the electrical change commenced 13 seconds after stimulation 
began, and in 38 seconds the maximal defiection had been obtained. 
The curve both in its gradient and height is typical of the right vagus 
effect. In 15 seconds the beam of light had risen 2.9 cm., after which 
the change became more and more gradual, till 10 seconds later, the 
maximal deflection of 3.3 cm. was attained, where it was steady for 
5 seconds and then fell at first quickly, later more and more slowly 
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as the base line was approached. The right vagus effect upon the left 
auricle shows a change commencing as soon ahnost as that of the right 
vagus upon the right auricle. The gradient of the electrical change 
is less marked though quite as definite as that of the homolateral effect. 
The total stimulation lasted 52 seconds and the maximal height of 2 
em. was reached in 30 seconds. The left vagus in this experiment had 
a longer latent period but, like the right vagus, the period was prac- 
tically the same for both sides, 20 and 21 seconds respectively. This 
is the case previously mentioned, in which a beat was interpolated 24 
seconds after inhibition had been produced. The action current of 
the heart caused an iromediate return of the beam of light to just below 
zero, inhibition was again produced and in 5 seconds it is evident and 
much more markedly so than in the previous rise. Comparing the 
left vagus effect upon the right and left auricles, it is seen from this 
figure that the second rise due to the left vagus is steeper than that 
of the left vagus effect upon the right auricle. This is the usual result 
obtained, though not without exception. The maximal rise and the 
time taken for each vagus on both sides of the heart are as follows: 

Right vagus acting upon right auricle for 18 seconds 3.3 

Right vagus acting upon left auricle for 30 seconds 2.0 

Left vagus acting upon left auricle for 40 seconds 3.2 

Left vagus acting upon right auricle for 49 seconds 2.0 

Figure 15. For comparative purposes the deflections occurring upon 
each of five consecutive revolutions of the rheotome are plotted. The 
marked ascendancy of the r^ht vagus upon the right side of the heart 
is well shown; also from the graph of the second rise of the left vagus 
upon the left side, which has been traced in for comparison in the posi- 
tion of the ordinal rise, it can be seen that the very definite effect upon 
its own side is greater than the right vagus effect upon the left both 
in maximal deflection and in rapidity of its rise. The left vagus action 
upon the right side is the least marked of all and this record, with the 
second curve of the electro-positive change of the left vagus transcribed, 
sums up very clearly the various effects occasioned by both vagi, each 
acting upon both sides of the heart. 

Noting the deflections after five revolutions of the rheotome, the 
heart being inhibited by both vagi and the time interval between the 
stimuli being the same for all, namely, 2 seconds, the galvanometer 
bdng in circuit with the heart for a period of 0.18 second, we have the 
following results : 
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Ri^t vaguB acting upon right auricle 1.9 

Right vagua acting upon left auricle 0.9 

Left vagus acting upon left auricle 1.1 

Left vague acting upon right auricle 0.7 

Fiffure 16. As in (be preceding record, the greater latent period of 
the left vaguB as compared with that of the right is shown and here 
the left vagus action upon its own side is very definite, especially with 
regard to the velocity of the chimge, in which in this case it exceeds 
that of the right vagus upon the ri^^t side. The slower contralateral 
effects, though of scarcely less magnitude are noteworthy, when one 
recalls what has been suggested with reference to the anatomical dis- 
tribution of the vagi. The maximal deflections and the time taken 
for their completion are as follows: 

Right vaguB acting upon right auricle for 25 seconds 2.2 

Right vagus acting upon left auricle for 39 seconds l.S 

Left vagus acting upon left auricle for 14 seconds 1.9 

Left vagus acting upon right auricle for 22 seconds l.S 

Figure 17. Comparing these effects in four steps of 2^ seconds each, 
with the exception of the left vagus upon the left auricle in which each 
step equals 2 seconds, one sees from the record that they are very similar 
to tiiose in the preceding case. The right vagus was very active, havii^, 
for both sides of the heart, a latent period of 2 and 3 seconds respectively. 
The difference in the velocity of the change effected is not so marked 
in the first 10 seconds as subsequently; yet the difference in the gradient 
of the activities of the left vagus upon the left imd the right auricle 
is well marked. The latent period of the left vagus, while greater than 
that of the ri^t, is, comparable to the r^t vagus, practically the same 
for both sides of the heart, namely 8 and 9 seconds for the left and 
right sides respectively. In this experiment the stimulation of the 
nerves lasted approximately 20 seconds in each case. The deflectionB 
from five revolutions of the rheotome were as follows: 

Right vagus acting upon right auricle 0.9 

Right vagus acting upon left auricle 0.7 

Left vagus acting upon left auricle 1.0 

Left vagus acting upon right auricle 0.6 

Figure 18. This is a record of the only instance in this series in which 
stimulation of the left vagus nerve did not stop the heart beat but 
caused a progressive slowing of the rate from 30 to 15 beats per minute 
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in a period of five beats. After the sixth beat there was a pauae of 7 
seconds, the heart then became tumultuous, big, forcible cODtractions 
of the auricles and ventricle, of long duration, following in no r^ular 
sequence. After a series of three or four of these had passed, it was 
again possible to place the galvanometer in circuit with the preparation 
during the quiescent period, the duration of which became loiter and 
longer till it was again encroached upon by a similar series of irr^;ularty 
timed, forcible, heaving contractions. WhDe a similar alteration in 
the rhythm was produced when leading from the right auricle and 
' stimulating the left vf^us, the maximal effect was obtuned in four 
steps. The nerve was stimulated for 31 seconds and the maximum 
reached in 12 seconds. The results for all four activities were as 
follows: 

Bight vagus acting upon right auricle for 14 seconds 2.1 

Right vagua acting upon left auricle for 10 seconds 1.2 

Left vagua acting upon left auricle for 32 seconds 1.6 

Left vagus acting upon right auricle for 12 seconds 0.8 

Figure 19. These curves denote the positive variation obtained with 
six revolutions of the rheotome, this number being that taken by the 
smallest curve, left vagus acting upon right auricle, to reach its maximal 
height. 

Right vagus acting upon right auricle 2,0 

Right vagus acting upon left auricle 1.3 

Left vagus acting upon left auricle 1.2 

Left vagua acting upon right auricle 1.0 

Figure W. In this case the maximal deflections were recorded step 
by step with the rheotome revolving once every 2 seconds. The vagi 
produced complete stoppage of the heart in the times noted on the 
chart and the deflections were remarkably regular in their rise and bear 
out what previous records have shown, namely, that the right vagus 
is the most predominant in action upon the right side of the heart, 
the left vagus less so on the left side, while here the usually parallel 
effects of the right vagm upon the left auricle and the left vagus upon 
its own side, are clearly demonstrated. The deflections for fifteen 
steps, that is for 30 seconds, were as follows : 

Right vagus acting upon right auricle 4,5 

Right vagus acting upon left auricle 3.8 

Left vagus acting upon left auricle 3.6 

Right vagus acting upon right auricle 2.7 
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ResuUs without the rheotome. Figures SI and 2S. These records are 
given as typical of the curves obtained with a practically quiescent 
heart, in which deflectitniB caused by electrical changes of weak con- 
tractions could be disregarded. These results are from hearts which 
have been bloodless for from 3 to 4 hours. The curves are plotted for 
the position of the'beam of light every second and the duration of the 
stimulus is practically 10 seconds in all cases. One again sees the 
dominant effect of the right vagus, with a latent period of 5 seconds and 




Fig. 21 

7 seconds for the respective sides of the heart in both cases. The maxi- 
mal height is 2.6 cm. and 2.9 cm. respectively. The riftht vagus effects 
upon the left auricles are remarkably alike in both eases, the time taken 
to reach the maximum being 6 and 5 seconds, and the maximal height 
attained being 2.3 and 2.0 cm., respectively. Such an effect, compared 
with that obtained from the left vagus acting upon the left auricle, 
shows the resemblance between the crossed effects of the right vagus 
and the homolateral effects of the left v^us, with regard to the elec- 
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trical changes they produce in the left auricle. The rapidity with which 
the change is produced in the left auricle is greater for the left than 
for the right vagus. From the latent periods and the heights of the 
curves, one sees that the crossed effects are slightly less rapid in their 
inception and in the velocity of their action. It is possible that the 
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Fig. 22 

latent period, in obtaining crossed effects, is directly proportional to 
the degree of the contralateral distribution of the vof^. From the 
usually short lapse of time, 1 to 3 seconds, occurring in the production 
of the crossed effects, either by the right or the left vagus nerves, one 
must conclude that, anatomically, the crossed distribution of each 
vagus may, in many instances, be a hberal one. 
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With regard to the quaDtitative effects of the vagi upon the whole 
heart, the results may be summed up in a table of the various effects 
reduced to a percentage of the sum total : 

Right vag;uB acting upon right auricle 40.9 26.6 35.0 36.3 31.2 30.0 

Right vagus acting upon left auricle . 20.4 21.9 21.4 23.6 25.0 24.3 

Left vagus acting upoD left auricle... 23.6 30.1 29.5 21.8 25.0 25.7 

Left vagus acting upon right auricle . 15.0 20.3 14.2 18.1 18.7 20.3 

This ^ves an average result of: 

Right vaguH acting upon right auricle 30 to 40 

Right vagus acting upon left auricle 20to25 

Left vagus acting upon left auricle 25 to 30 

Left vagus acting upon right auricle 15 to 20 

DISCUSSION 

The experiments carried out with the d'Arsonval galvanometer 
described in the first part of this paper, corroborate the work of previous 
investigators with regard to the presence, in the heart muscle, of elec- 
trical changes, which are brought about by stimulation of the vagus 
nerves. It has been shown that these changes can be produced by each 
vagus nerve acting upon the opposite aide of the heart. From the 
figures quoted in table 1 and from records shown of experiments upon 
the whole heart, it is evident that the action of the vagi is not mainly 
homolateral. As far as the vagus effect is distinguished by an increased 
positivity, by a change in potential, one must conclude that each vagus 
oerve exerts its greatest effect upon its own side, and upon the opposite 
side an effect which, generally, is definitely less than, but may, in the 
case of the right vagus, be almost bb great as that of its homolateral 
actioD. In comparing the two vagi, it is seen from these results that 
the right vagus produces a much greater contralateral effect thandoes 
the left; that the effect of the right vagus upon the left auricle is gener- 
ally lees than that of the left vagus upon its own side. In only two 
cases did the left vagus acting upon the right auricle produce an effect 
greater than that of the homolateral action of the right vagus. It is 
seen that the contralateral effect of the left vagus is undoubtedly the 
weaJtest or least marked of all four activities studied. 

These results do not substantiate Garrey's conclusions with regard 
to the preponderantly homolateral effects of the vagi. There may be 
a tendency to over-emphasize the homolateral view. In Garrey's case 
this may have resulted from his assumption that the beat originated 
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in the right caval vein aod from the fact that be could find no chrono- 
tropic effects thereon with left vagus stimulation. He states "that 
the left vaguB is less effective upon the normal rhythm of the heart 
than the r^ht vagus, due to the fact that it does not innervate the 
right basal vein;" and again he states "that crossed effects can be 
obtained, in some cases even to chronotropic effects, on the right veins 
by action of the left vagus." 

If the left vagus can affect the center of rhythmicity in the left side 
of the partially split heart, is it not, from these results and from Carrey's 
suggestion, justifiable to conclude that the left vagus can or may, as 
a usual function, affect the pace^naker or center or centers of rhyth- 
micity in the right auricle in the whole heart? 

That such may be the case, more or less marked according to the 
degree of crossed distribution, is strongly su^ested by the results 
recorded above, in which, in almost every case, left vagus stimulation 
quickly arrested the beat of the heart. As there were no evidences 
of block one must conclude that this is due to an effect upon the center 
of rhythmicity and that to stop the heart the vagus must act upon 
all heart tissue which is inherently rhythmical. Thus only, in thoae 
cases of complete stoppage, can left vagus inhibition be explained and 
this point of view demands a contralateral distribution of both vagi. 
With regard to the partially spht heart, it is shown from the figures in 
table 2 and from the tracings briefly referred to, that here only are the 
effects of the vagi strictly confined to their respective sides. 

This raises the question of the conduction of crossed effects which, 
according to Carrey, occurs by means of nerve. In the turtle, the 
crossed effects obtained in the whole heart must pass to the auricle 
by way of nerve fibers located in the tissue of the sinus. If the vagus 
effects were the result of a general conduction by means of both muscle 
and nerve, then, seeing that the muscle wave spreads around the 
sagittally split heart from right to left, there should be no reason why 
the vagus effect should not so pass. 

In the partially split heart r^t vagus stimulation stops the whole 
initially, then the left sinus assumes a controlling rhythmicity for the 
left side, and if the right side be maintained in inhibition for some time, 
the beats originating in the left sinus will travel from left to right, but 
they will not pass from the ventricle to the right auricle. The passage 
of such contraction impulses shows that no vagus control is exercised 
upon the ventricle in the turtle. Also, it must be concluded that in 
the partially split heart no vagus effects can be transmitted across from 
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the r^t to the left side of the heart, since there is no alteration in 
the electrical potential of the injury current of the left auricle when 
the right vagus is stimulated. 

In concluding that the ventricular muscle of the turtle plays no 
part in transmitting vagus effects, it must be borne in mind that the 
reason may not necessarily lie in the ventricular tissue but in the 
inability of jimction^ tissue to transmit these effects. That vagus 
effects do not Eipread by way of the ventricle would not preclude such 
spread frdm r^t auricle to left auricle through cardiac tissue proper. 
Erlanger (17) and Erlanger and Hirschfelder (IS) have shown that, 
after clamping the bundle of His in the dog and thereby producing 
partial or complete heart block, it is possible to demonstrate some action, 
though slight, of the vagus upon the ventricle. Hiis goes to show that 
vagal impulses to some extent travel by routes other than those which 
subeerve.normai physiological conduction of the cardiac impulses. 

That these impulses may not be associated with ordinary nerve fibers 
is suggested by the work of Meek and Leaper (19), who show that 
conduction in the heart, either by nerve fiber or by skeletal muscle, 
manifests no marked difference in the degree of compression necessary 
to destroy it. Garrey, in a study of the dissociation of inhibitory nerve 
impulses, states, "that if normal physiological conduction from sinus 
to auricle proceeds along nervous paths the blocking of these paths 
should at the same time block other nervous paths, including all vagus 
fibers which pass to the auricle through the clamped area, «id through 
this area only." He shows that this is not the case; that compression 
sufficient to establish complete sino-auricular block, may not interfere 
with the passage of vagus impulses. This would indicate that if vagus 
effects are to be transmitted they must pass by way of tissue peculiar 
to them. That such ejects do not spread through muscle tissue is 
proved by the larger effect upon the correspondmg side in the whole 
heart. This rules out the idea that junctional tissue may be the cause 
of a non-transmittal of these effects in the partially split heart. 

From these results one is led to the conclusion that there is no case 
for the spread of vagus effects by non-specific tissue, either muscular 
or nervous, but only by tissue hypothetically peculiar to vagus con- 
duction. It would seem, from the results both in the normal and par- 
tially split heart, that for crossed effects in the whole heart, it is not 
a case of strong or weak stimuli affecting muscle fibers or nerve network, 
but rather a case of stimuli efficient enough to pass along paths of 
vagus conduction, the degree to which contralateral function is served 
depending upon the richness of the anatomical distribution. 



,yGooglc 



246 E, W. H. CRUICESHANE 

With regard to the distribution of both vagi, evidence for a rich 
contralateral supply to the heart is borne out by this work and in 
support of this view reference has been made to the work of Cofan and 
of Robinson, The latter investigator showed that in gauging the 
action of the vagi ujwn cardiac conductivity, the rate of the heart had 
to be taken into account. From this it is seen that, in judging both 
of chronotropic and dromotropic effects of the vagi, the factor of 
greatest importance is the action of both right and left vagus nerves 
upon the center or centers of rhythmicity. 

If it is assumed that the vagus acts by reducing the general reactivity 
of the tissue it happens to innervate directly, then the observation 
frequently recorded in the literature that left vagus stimulation often 
blocks the transmission of the contraction wave may be accounted for 
upon the basis of differences in the distribution of the two vagi with 
respect to the pacemaker. If in a given case the left vagus iiyiervates 
the whole of the base of the heart excepting the pace-maker while the 
right vagus acts upon both parts equally, then stimulation of the left 
vagus will reduce reactivity and consequently the conductivity of the 
auricles, but not the rate of impulse initiation. The result would 
simulate the diminution in conductivity. Stimulation of the right 
vagus would produce the same reduction in reacti\'ity and of the same 
parts but at the same time would slow impulse initiation. As a result 
the interval between successive impulse conductions might become 
long enough to permit the subjacent tissues, despite their lowered 
reactivity, to carry every impulse that came from the pace-maker. 
If the beats could be maintained at their original rate while the right 
vagus was being stunulated, a diminution of conductivity similar to 
that produced by left vagus stimulation would become manifest. 

CONCLUSIONS 

It is concluded that the positive variation of the demarcation current 
that develops during vagus stimulation is a phenomenon, not due to, 
although usually associated with, stoppage of the heart. This is shown 
. by the facts : 

1 . That in the quiescent heart the electro-positive chai^ is obtained. 

2. That no electro-positive change is obtained, when in the partially- 
split heart the left auricle temporarily stops beating upon right vagus 
stimulation. 
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Thus, looking at the question from two totally different standpoints, 
we have clear evidence that the electrical change indicative of inhibition 
is not occasioned merely by the cessation of muscle activity. 

It is also concluded that in the turtle the distribution of the vagi 
through the base of the heart is bilateral, but is not uniform in all 
parts. In general the relative intensity of action is as follows; Right 
vagus on right auricle > right vagus on left auricle = left vagus on 
left auricle > left vagus on right auricle. 

The greater tendency, noted in the literature, of stimulation of the 
left vagus to produce block is not necessarily due to a selective action 
of this nerve upon the conducting system; the result can be explained 
quite as well through the relatively slight action ot the left nerve upon 
the pace-maker, which is located on the right side of the heart, while 
the reactivity of the remainder of the heart- is reduced. 

I am greatly indebted to Doctor Erlanger for his continued interest 
in this problem, and for much helpful and very suggestive criticism. 
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The demonstration by Agher amd Flack (1), (2), (3) that stimulation 
of the laryngeal nerves in rabbits with intact thyroids increases and 
{irolongB the riae in blood pressure following the intravenous injection 
of a given amount of adrenalin has provided the first concrete evidence 
of a thyroid-adrenal relationship. The Goetsch (4) test in exophthal-* 
mio goiter and in clinical conditions resembling e}cophthalnuc goiter, 
as tuberculosis, cardiac neuroses, etc., is a practical diagnratic applica- 
tion of Asher and Flack's original observations. The effect of the 
subcutaneous injection of adrenalin on the respiratory exchange in 
man was studied in 1912 by Fuchs and Roth (5), who found a slight 
increase in the oxygen intake and carbon dioxide output which they 
looked upon as negl^ble and an iticrease in the respiratory quotient. 
Later work by Bernstein (6), by Peabody and his co-workers (7), by 
Tompkins, Sturgis and Weam (S) and by Sandiford (9) have clearly 
established that in normal men adrenidin injected subcutaneously in 
0.5 cc. to 1.0 cc. (1-1000) doses causes an increase in the respiratory 
exchange. The studies of Tompkins, Sturgis and Weam and of Sandi- 
ford are the more recent and extensive. The former, working with 
soldiers, were able to demonstrate the increase in twenty-seven of 
thirty-four cases. The latter studied forty-six cases including exoph- 
thalmic goiter, simple goiter, myxedema, Addison's disease and four 
normals. She concludes that the subcutaneous injection of 0.5 cc. 
1-1000 adrenalin invariably causes an increase in the oxygen intake 
and the carbon dioxide output. 

La Franca (10), working with dogs, found that phloridzin causes a 
marked decrease in the respiratory exchange, while adrenalin causes a 
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marked inorease both in the respiratory quotient and in the oxygen 
consumption. Hari (11) using curarised d<%a and injecting adrenalin 
intraperitoneally cdwerved a decrease in the oxygen consumption and a 
rise in the respiratory quotient. Lusk and Riche (12), studying the 
cfiect oi adrenalin on the power of the animal to oxidize glucose, noted 
an increase in the reopiratCHy exchange in two normal dogs. Wileoko 
(13) used uretfaanised rabbits and found no change in the respiratory 
quotient or the oxygen consumption. 

In view of Asher and Flack's observation it has seemed to us of 
importance to compare the effects of the subcutaneous injection of 
adrenalin in normal and thyroidectomixed animals and also to compare 
the effect on the same animi^ before and after thyroidectomy. The 
resulta of these experiments are given in the foUowing pages. 

Method. Rabbits have been used because it is possible to remove 
the thyroids without any physical interference with the function of 
the iind parathyroids and also because accessory thyroid tissue is less 
common than in dogs, cats or rats. We have used a Haldane (14) 
apparatus, modified by substituting WiUiaras' absorbers and a motor- 
driven pump. This apparatus is readily adapted for the use of rabbits 
and is simple and accurate. 

All rabbits were deprived of food for 15 to 16 hours before beginning 
the experiments. The adrenalin (P. D. Co., 1-1000) was not assayed. 
The dose was arbitrarily fixed at 0.5 cc. per kilogram. Each experi- 
ment consists of an hour period althou^ in most instances the obser- 
vations were repeated two or more times without interruption. This" 
makes it possible to compare the results by hours or by longer units of 
time. 

This study includes observations on six rabbjts which had been kept 
in the laboratory for several months under the same conditions before 
being used in this work. Three rabbits (R. 3-203, -205, -206) were 
"normal." Three had had thyroidectomies — one (3-208) 51 days 
before beginning the studies and two (3-201 and 3-204) during the 
studies. The detail figiu-es obtained in each of these animals have 
be@Q arranged in tables 2, 3, 4, 5, 6 and 7. For the brief discussion 
which follows, only the figures for the Oi consumption per gram of 
body weight per hour will be considered. These have been averaged 
and arranged in table 1. 

a. Controls (before adminiatraiion of adrenalin). The average Oi 
constuuption for the five rabbits with intact thyroids was 0.607, 
0.572, 0.524, 0.477 and 0.436 gram per gram of body weight per hour 
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before the Bdministratioii of adrenalin. These figures might be termed 
the basal rates and show the usual "normal" variations for different 
animals though the rate is relatively constant for a given animal. 
Rabbit 3-208 which had been thyroidectomized 51 days before begin- 
ning the observation shows the ordinary effect of thyroidectomy on 
metabolism first described in man by Magnus-Levy (16). 

With rabbits 201 and 204 it is possible to compare the Oi consump- 
tion before and after thyroidectomy. The figures given in table 1 
represent the first series of observations before thyroidectomy and the 
last after thyroidectomy (30 and 31 days). The decrease in Oj con- 
sumption following thyroidectomy is striking. Reference to tables 6 
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and 7 show that the decrease in the rate of metabolism following thy- 
roidectomy is very slow — several days being required before the change 
becomes manifest. This may be due to the fact that the thyroid 
hormoDe is very stable and is normally needed in exceedingly small 
amounts. 

These observations are In harmony with the clinical observations that 
the onset of symptoms <A myxedema in thyroidectomized animals is 
slow and also that there is usually a latent period of 24 to 48 hours 
following the feeding of desiccated thyroid before an increase in the 
metabolic rate can be demonstrated. They are at variance with tiie 
effects on blood pressure as reported by Asher and Flack (loc. eat.) 
and by Levy (17). These authors showed that in acute experimraitB 
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lasting only a few hours the ^ect of adrenalin on blood pressure was 
markedly decreased by thyroidectomy. The cause of these time 
differences between the effect of adrenalin on blood pressure and on 
metabolism in animals with and without thyroidectomy is not clear. 

Ogpav Bia lat boor 'Sad fenr &A hoar 

jmr hoar Oratrol iftar ••Bm Aftar 0>Sea tttm* 0>Boe 
admkllA 




Fig. 1. Average 0| consumption per gram per hour b cubic ceatimeterB. 
/, Rabbit 203, thyroids intact; t, rabbit 206, thyroids intact; 5, rabbit 205, thy- 
roids intact; i, rabbit 208, thyroids removed {51 days). 

6. After adrcTialin administration. In each case 0.5 cc. per kgm. 
(P. D. adrenalin 1-1000) unassayed .stock adrenalin was injected sub- 
cutaneously in the flank. The observations were recorded in hourly 
periods following the injection. In all instances a rise in the Oj con- 
sumption was noted. The changes are shown graphically in text fig- 
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ures 1, 2 and 3. It occurs as well in the thyroidectomized «-nimn,la as 
in "normals." This is brought out best in ^ures 2 and 3 when the 
effect of adrenahn before and after thyroidectomy may be compared in 
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Fig. 2. Rabbit 201. Average Oi consumption per gram per hour in cubic 
centimeters, a, Thyroids intact; b, thyroids removed (31 days). 

the same animal. The percentile rise in Oi consumption appears to be 
little changed by thyroidectomy. These results confirm Sandiford's 
observations in human myxedema. The adrenalin effect lasts for 
hours. We have observed it for five hours, though usually the great- 
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est increase is reached in the third hour. There is some evidence 
that in the th}'roidectomized animals the onset of the increased rate 
of metabolism is delayed and also the reaetion is of shorter duration as 

O2P0r gnt let hour Soft Hour Szd boar 

per liciir Control after 0.5co after O.Sao after 0.5oo 
in CO. adrsoalin adrenalin adrenalin 

per kg.Bubo.per lig sube.per lDs.eui>o. 




Fig. 3. Rabbit 204. Average Ot consumption per gram per hour in cubic 
ceDtimeterg. a, Thyroids intact; b, thyroids removed (30 days). 

shown in figures 2 and 3. Another observation on the effect of adre- 
nalin in thyroidectomized animals is that frequently there is a decrease 
in Oi consmnptioD during the 6rst hour after adrenalin. This was also 
observed in "normals" but very rarely. 
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Our results on rabbits confinn those of Sandiford on man. Adre- 
nalin causes a rise in the oxygen consumption both in normal and 
^yroidectomized rabbits. The absolute rise may be greater in nor- 
mals but the percentile rise may not be altered. Evidence is given 
that in general the onset of the rise in Oi consumption following adre- 
nalin is delayed in thyroidectomized animals and also that it does not 
last so long. Some evidence is presented showing that in rabbits as in 
other animals the decrease in the metabolic rate following thyroid- 
ectomy is gradual and requires several days for its demonstration. 
These results differ from those in which the effect on blood pressure 
was used as the indicator. 
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LITERATURE 

The first observations on the contractility of the reptilian lung on 
direct stimulation of the pulmonary tissue was made by Paul Bert (1). 
He showed furthermore that the musculature of the lung was under 
the motor control of the vagus nerve. These findings have been abun- 
dantly corroborated by the subsequent researches of various investi- 
gators of whom Frangois-Franck (2) deserves particular mention.' 
Francois-Franck (3), (4) published a number of papers dealing with 
the comparative phyBiology of the reptilian lung. The results of these 
studies are incorporated in two monographs which as far as they touch 
our work are the most comprehensive uid important contributions on 
the subject. In most forms the vagus is foimd to exercise a motor 
control over the lung of the same side. In one lizard (lizard ocelle) 
the lungs possess in part a crossed innervation the vagus exercising not 

' Some 32 years after the original observations of Bert, Msar (SkaAd. Arch. f. 
PhyaioL, 1902, xiii, 269) published an article on the gaseous exchange if the lungs 
of turtles following ligation and stimulation of the vagi and sympathetic nerves 
under various experimental conditions. This author apparently was not familiar 
with the fact that the lungs of the turtle are muscular organs innervated through 
motor fibers carried by the vagus. The possibility that changes in gaseous ex- 
change (increased oxygen consumption and increased COi following ligation of 
tbe vagus) might be accounted for by contraction of the lung (mechanical stimu- 
lation of motor fibers) never occurred to this investigator. FTactieally ail poai- 
tive findings which he attributes to section and stimulation of fibers having a 
secretory or inhibitory effect on gaseous exchange might be explained by the ac- 
tivity or inactivity of tbe lung musculature and the passive influence of the 
circulation through the lungs. 
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only ft homolateral but also a contralateral control over the lungs. 
Frangoia-Franck (5) states that the vagi and not the sympathetic nerves 
contain the motor fibers for the lungs. Jackson and Pelz (7), on the 
other hand, state that stimulation of the sympathetic in the neck 
region with a weak current causes dilatation of the lung and that 
stronger currents may give a contraction even more promptly and 
v^rously than stimulation of the vagus itself. In some preparations 
Fran^oiB-Franck (4), (5) found that electrical stimulation of the vf^us 
in the neck gave rise to a contraction which was preceded by an in- 
hibition. According to his experimental analysis this inhibition is 
only apparent. He attributes it to a movement of neck muscles. K 
the muscles of the neck were not involved during peripheral stimulation 
of the vagus no- inhibition preceded the contractions. Personally, we 
have never obtained an inhibition of the lung on direct stimulation of 
the peripheral vagus. We have, however, in innumerable instances 
observed an inhibition preceding lung contractions of central origin. 
We shall return to this point later in a discussion of this phenomenon. 

Kahn (8) and Frangois-Franck (5) have described and pictured 
rhythmical contractions of the lung due to central discharges from the 
bulbar nuclei; for they stopped on section of the vagi. Kahn in his 
analysis on turtles which had suffered high spinal transection showed 
that these lung contractions followed the external respiratory act; 
Frangois-Franck noted these rhythmical undulations in the intrapiil- 
monic pressure even in curarized animals but only when the bulbar 
centers and the vagi were intact. He was never able to obtain a tonus 
rhythm in any lung separated from its center. He found on electrical 
stimulation of the peripheral end of the vagus that a secondary con- 
traction may appear on the completion of first; or if the peripheral 
vagus was tetanized for some time a series of contractions might appear 
during the period of tetanization simulating tonus vuiation of the lung. 
In both jnstances, however, he was probably dealing with incomplete 
tetany of the lung rather than with discharges from a peripheral nervous 
automatic mechanism as a result of the vagus stimulation. 

A tonus rhythm appearing in a lung whose extrii^c nerves have been 
cut would si^gest a peripheral nervous mechanism possessing automatic 
activity. On the anatomical side we have the observations of Leydig 
(9) and Schulze (10) that the lungs of some turtles possess not only 
ganglionic swellii^ on the course of the nerve fibers but actual accumu- 
lations of ganglion cells. On the physiological side Fano and Fasola 
(2) have asserted that the oscillations of tonicity in the lungs of the 
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turtle, Emys europaea, persist after complete isolation of the luDgs 
from their nervous center although they admit that under normal con- 
ditions part of the tonicity is due to impulses reaching the lung throi^h 
their extrinsic nerves. Since such a peripheral automatism of the lung ' 
did not reveal itself in the turtle studied by Frangois-Franck (tortue 
grecque) and only occasionally in our own preparations it would seem 
that the question of a peripheral automatic mechanism in the lung may 
depend on the species as well as on the physiological condition of the 
animal under observation. 

The published reports of lung contractions as a result of the stimu- 
lation of various afferent nerves in the reptilia are very meager. Cer- 
tainly Fran^ois-Franck, who made a most extensive study of the phj^- 
iology of the reptilian lung, refers only incidentally to rhythmical 
lung contractions set up by stimulation of afferent fibers carried by the 
vagi (3). In his second monograph (4) on the lizard (lizard ocelle) 
he describes a similar contraction of one lung following hgation of the 
vagus of the opposite side (mechanical stimulation). Since inthis 
preparation there was intercommunication between the lungs andsince 
he showed that in this species of reptile the vagus contained motor 
fibers not only for the lung of the same side but also for the lung of 
the opposite side, it is possible to explain his supposed reflex contraction 
on %ation of the vagus nerve to direct motor effects on the opposite 
lung or to the passive distention of the lung of the opposite side of 
ligation of the vagus. Both factors would give a record which might 
be interpreted as an active reflex contraction of the opposite lung. 

Prevost and Saloz (10) are the only investigators who, by a method 
inferior to our own, have described reflex contractions of the lungs of 
the turtle {tortue grecque). They found that trauma to the carapace, 
mechanical stimulation of feet, tail, neck and anal r^on, caused marked 
contractions of the lungs. 

t Coombs (12) has recently shown that stimulation of the optic lobes 
or the medulla in the turtle induced contractions in the lung, provided 
the vagi are intact. This seems to indicate that the motor innervation 
to the lungs passes exclusively by the vagi nerves, unless the sympa- 
thetic nerves were sectioned by her method of lung isolation. 

EXPERIMENTAL PROCEDURE 

The solution of the problems under investigation required an accurate 
recording of the limg tonus and lung contractions with the least possible 
injury to or interference with the nonnal respiration and other processes 
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of the animat. In other words, the necessary aim and requirement bo 
far as poaeible waa to Becure phytioloffuxd experimenis. 

t. Preparation of the animal. No anesthetics were used. Prior (1 
to 24 hours) to any dissection or other procedures that would cause 
pain, the animnlia were decerebrated by quickly drilling through the 
skull a httle to the side of the median line, introducing a suitable probe 
through this opening and after cutting off the cerebrum from the mid- 
brain by the transverse stroke virtually pithing the former. By using 
& small drill and going 2 to 4 mm. lateral to the median line, the median 
sinus is left intact and profuse hemorrhage avoided. By our method 
of pithing the cerebrum very Uttle hemorrhage was produced, so that 
from this factor alone there was little or no impairment to the general 
circulation or interference with the blood supply of the medulla and 
midbrain. A small iron hook was introduced into the trephine hole 
in the skull, by means of which the head was secured to the post as 
shown in figure 1. The hook being placed in an insensitive spot, the 
bead and neck were thus fixed without the complications from continued 
irritation of clamps or hgatures about head and neck. 

.By means of a small drill, holes were made near the edge of the 
plastron anteriorly and posteriorly, and by strings through these holes 
in the ventral plate the animal was secured on the turtle stand in the 
manner shown in figure 1. In the species of turtles worked on, there is 
a sufficient margin of the ventral plate at both ends for drilling the hole 
and securing the animal on the stand in its normal posture without 
touchii^ or injuring the skin. 

A few animals were worked on without decerebration. In this case 
the spinal cord was transected in the neck before any operations were 
undertaken on the body of the animal. 

For convenience of dissection the turtle stand with the animal at- 
tached was turned upside down and held in that position by a suitable 
support while the trachea, the carotids, the jugular vein, the cervic^ 
sympathetics, etc., were isolated, balloons introduced into the stomach 
(via esophagus) and the cannulae and other devices placed in position 
in the neck and anterior thoracic region. 

Isolation of the lungs and other viscera was mode by removal of the 
necessary regions of the dorsal carapace. Cutting through and remov- 
ing parts of the dorsal carapace is attended with considerable hemor- 
rhage unless care is taken not to injure the intercostal arteries and veins 
when the calcareous part of the body wall is sawed through or chpped 
off with strong bone forceps. If suitable care is exercised in this regard. 
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the diploic veins controlled by surgical wax and the intercostal vessels 
ligated before cutting away the peritoneum and other structures that 
adhere closely to the calcareous part, the entire body cavity cwi be 
laid open from the dorsal aide, with very little immediate and with no 
chronic hemorrhage. 




Fig. 1. Diagram of preparation and Sxation of the turtle for recording lung 
contractions. A: tut>e to T-tracheal cannula for spontaneous or artificial respi- 
ration ID the intact lung. C: Cannula in the carotid artery for recording the 
blood pressure and heart activity. L: Lung, isolated, except for pulmonary 
vagi and blood vessels, bronchus ligated off. Inflated in its normal position 
in the body cavity. M: Tube to manometer for recording the spontaneous 
respirations. R: Flexible steel rod for fixation of the head. S; Screws for the 
fixation of turtle to the top of stand by strings through holes in the plastron. 
T: Cannula and rubber tubing from tip of isolated lung to recording tambour. 
V: Cannula in the jugular vein for intravenous injections. 
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In a few experiments where it was deBired to avoid the injury to 
visceral sensory nerve connections involved in isolating one lung from 
the dorsal side, the lungs were exposed and isolated by fixing the aoinud 
dorsal side down, removing the entire pUstron and dissecting away 
the liver and greater part of the gut in the way described by Jackson 
and Felz (7) . In animals fixed on the dorsal side tmd plastron removed 
the cireulation fails much sooner than if the animal is fixed in the nonnal 
position and the viscera exposed by removing one side of the dorsal 
carapace. 

In all our preparations exposing the lungs and viscera from the 
dorsal side, the dorsal carapace was left intact along the vertebr^ 
column, a strip 1 to 1^ cm. wide. This precaution, tt^ther with 
reasonable care in isolating the lung from its attachments along the 
median line, leaves the main central connections of the visceral sym- 
pathetic nerves, except possible fibers to the lung, intact. 

S. Isolaiion of the lung. As is well known, the lung of the turtle is 
a bilobed organ, imited by the two long (3 to 5 cm.) bronchi with the 
very elongated trachea. The lungs are exceptionally large in compari- 
son with the size of the animal, filling the dorso-lateral region down to 
the pseudo-diaphragm separating the pelvic cavity and the urinary 
bladder from the rest of the viscera. Except for the posterior raid 
(about one-sixth of the entire area) the lungs are so firmly attached by 
fibrous septa and membranes, dorso-laterally to the carapace, and 
ventnwnedially to the visceral organs, that complete collapse of the 
lungs is impossible without severing the lungs from these connections. 
It is therefore obvious that accurate recording of lung tonus and lui^ 
contractions requires either complete anatomical isolation of the lung 
from structures whose contractions could influence the lung volume, 
directly or indirectly, or else complete curarization of the animal. We 
used both procedures. 

Complete isolation of one lung, usually the left, was produced in the 
followii^ way. The animal beii^ decerebrated, fixed on the turtle 
stand, as described above, the dorsal carapace over the lung was re- 
moved, all the septa and membranes suspending the lung in the body 
cavity were severed, care being taken not to injure the bronchus, or 
the pulmonuy vagi imd Mood vessels entering the lungs along the 
bronchus. In this dissection the iui^ was not handled directly with 
forceps or other instruments. It was bandied by means of the many 
membranes and tendons attached to it. It is not necessary to remove 
these structures close to the lung surface since they can have no effect 
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on the lung tonus and lung contractions after beii^ severed from thai 
normal connections with the rest of the body. This applies even to the 
large flattened striated muscle closely adherent and attached to the 
anterior end of the lung. Directed median- and aotero-laterally over 
the dorsal lung wall and being innervated by fibers from the brachial 
nerve plexus, the contraction of this muscle reduces the size of the lung 
cavity and thus serves as a muscle of expiration (fig. 24), supplementing 
the expiratory muscles of the flank and the walls of the body cavity. 
This muscle is probably identical with the one described by Fano and 
Fascia as occurring in Emys europaea (2). 

This operation and isolation of the left lung does not cause collapse 
of the ri^t limg or vice versa. There is naturally some interference 
with the adequate ventilation in the lung of the intact side by the 
lowerii^ of the intra-abdominal pressure and the incapacitation of the 
respiratory flank muscles on the aide of the operation, but the animal 
is usually capable of filling and emptying the lung on the intact side 
to meet the respiratory needs of the body, especially if one takes care 
not to puncture the dehcate septa partially separating the left and the 
right side body cavities along the liae of the great retractor muscle of 
the neck. 

In figure 2 are shown by diagram the main vago-sympathetic nerve 
connections. The pulmonary vagi branches, usually two or more in 
number, are of suffici^it size and length to be easily handled for experi- 
mental purposes; and the bronchus may be ligated and cannulated with- 
out injury to the pulmonary nerves or vessels, and the pulmonary 
vessels may be lasted or cannulated without injury to the nerves. 

There is a persistent tend«tcy on the part of some fukatomists and 
zoologists, aa well as phyaiolc^iste, to speak of the "bronchioles" or 
bronchial musculature of the turtle's lung. This is entirely mis- 
leading. In species of turtles worked on by us the bronchus te> 
minates peripherally, not by the mode of branching Into smaller and 
smaller divisions (bronchioles), but abruptly in the general lung cavity. 
We are told by the anatomists that the numerous septa subdividing 
the lung cavity into irregular chambers have strands of smooth muscle 
fibers like the external walls of the lungs. But the smallest passages 
between these chambers are of larger diameter than the trachea itself. 
These passages and septa are alveolated. If these internal s^ta and 
irregular passages are to be termed "bronchioles" on the basis of their 
musculature, the entire lung of the turtle is composed of "bronchioles." 
These subdivisions in the turtle lungs are alveolar spaces and not part 
of the dead space similar to the mammalian bronchioles. 
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S. Recording of the lun^ eontractions. The lung cootractions were 
recorded graphically by water manometers or delicate tambomB through 
air transmission in either case, suitable cannulae being tied either into 
the bronchus or the free end (posterior tip) of the isolated lung, the 
isolated lung being distended with air to a pressure of 1) to 3 cm. of 
water. In such a preparation active voluntary respiration ii^ the lung 
on the intact side will still cause passive changes in the intrapulmonic 
pressure in the isolated limg through the movements of the viscera 
(on which the isolated and inflated lung rests) especially as a result 
of very vigorous expiratory movements. We eliminated this source 
of error in two ways. The isolated and inflated lung was suspended 
outside the body cavity without traction on the pulmonary nerves or 
interference with the lung circulation. Or a metal plate was adjusted 
to the body cavity on the operated side, fixed rigidly to the out edge 
of the carapace, except anteriorly, and the isolated and inflated lui^ 
placed on this rigid floor, where visceral movements could not influence 
it. This method can be adjusted so as not to cause traction on the 
pulmonary nerves, or interference with the pulmonary circulation. 
The best, and possibly the most physiological method of eliminating 
these passive lung factors, is partial curarization, that is, doses of curare 
that wiU completely paralyze the skeletal muscles, but leave the muscles 
of respiration largely intact. In our animals this dose varied from f 
to } cc. of 1 per cent solution of curare injected intravenously. Turtles 
subjected to these doses of curare go on breathing regularly though not 
vigorously, leg and neck movements are abolished, and the gentle 
respiratory movements on the intact side either do not mechanically 
influence the isolated and inflated lung on the operated side at all, or 
else this passive influence is regular or so slight that it is no source 
of error in the work. 

When all these dissections were completed and connections for record- 
ii^ made, the dorsal opening in the carapace was covered with a thick 
layer of cotton moistened in Binger's solution, except during such phases 
of the work as required direct inspection of or working with the isolated 
lung or its local nerve and blood supply. 

4- Artificial respiration. In all cases of complete curarization, Eirti- 
ficial respiration was carried out periodically, usually in the intact lui^. 
For that purpose a T-cannula was usually inserted in the trachea. 
This tracheal cannula was also used in studying the reflex influences 
of pressure changes ia the intact on the isolated lung. The venosity 
of the blood in the isolated lung was a satisfactory criterion of the need 
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of artificial respiration. Needless to say, artificial respiration was also 
resorted to in the animals not curarized, if it appeared that the spon- 
taneous respiration through the lung on the intact side did not suffice 
to avert asphyxia. 

It is well known that the reptilia execute the same buccal respiratory 
movements as the amphibia, although actual swallowing of the air 
into the lungs does not occur. However, in labored respiration as in 
mild or severe asphyxia, the reptilia carry on actual swallowing move- 
ments as a part of the respiratory act. These ' swallowing movements 
may thus be used as an index of external respiration, or rather attempt 
at external respiration, in animals with the respiratory muscles im- 
mobilized by transection or pithing of the spinal cord. 

5. Maiitienaiux of efficient drculalum. If we start with an animal 
vigorous and in good condition, and care is taken to avoid all but the 
minimum hemorrhage in the experimental procedures, a good circu- 
lation will be maintained as shown by direct blood pressure records or 
by direct inspection of the isolated lung, for 12 to 24 hours or even 
longer. In feeble animals the circulation fails much earlier. The 
circulatory failure is due, not to the failure of the heuli, but to low 
blood pressure evidently due to trarisudatum of the blood plasma into 
the lymph and tissue spaces. This is not ordinary oozii^ of blood from 
cut surfaces or hemorrhage due to injured vessels. In a turtle prepa- 
ration in this condition intravenous injection of Ringer's solution im- 
proves the circulation only temporarily, the added fluid soon passes 
out of the blood vessels into the lymph and tissue spaces, and repeated 
Ringer's solution injections then render the preparation more ed^natous. 

It is not unlikely that this phenomenon is analogous to the passage 
of plasma from the blood to the tissues in traumatic shock in manunals, 
as reported by some invest^tors. 

6. Addiiional preparations cf the animal for studying some of the 
lung reflexes. The turtle preparation described above requires no 
additional dissection for the study of the lung reflexes induced by 
inflation or deflation of the intact lung, stimulation of the nares, the 
cloaca, the penis, the skin or the skeletal nerves. It is even, possible 
by careful manipulation to get at and stimulate the bladder, the rectum, 
ureter, lai^ and small intestine, etc., through the opening in the dorsal 
carapace made for the isolation of the lung, without altering the tension 
on the lung wall mechanically. In the artificial stimulation of the 
central end of the pulmonary, gastric and vagi branches on the side 
opposite to the lui^ undw observation it is usually necessary to make 
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a small opening in the dorsal carapace on tliat side and partially collapse 
the intact lung. In the same way inflation of the urinary bladder op 
the rectumj direct stimulation of the gall bladder, stomach, etc., re- 
quires an opening of the oarapace posteriorly on the side opposite to 
the lung under otservation, if one is to avoid mechanical errors. 

7. On the ba^ of our own resulta, and with due regard to methods 
used by previous investigators on various phases of reptilian respiratory 
physiology, we feel that a turtle prepared as. above with minimum 
trauma, fixed in normal position without trauma, one lung isolated for 
accurate observation, the other intact and used in normal spontaneous 
respiration, is as near its normal physiological state as the necessities 
of the problem permit. Most phases of lung physiology in the turtle 
cannot be satisfactorily studied with the animal fixed with the dorsal 
side down, owing to the special anatomical conditions. 

The serious and unavoidable difficulties, apart from that of a labo- 
ratory located in a city obtaining turtles in prime condition, are o, 
deprcMor effects, or "central shock" due to sensory effects involved in 
the operative trauma; b, "peripheral shock" or gradual failure of the 
circulation due to passage of the blood plasma out of the blood vessels 
into lymph and tissue spaces. It is generally held that reptiles show 
little or no spinal or traumatic shock, and this was our mwn reason, 
besides that of avoiding anesthesia, for working out the visceral reflexes 
first in this form. Shock, spinal and general, may be minimal but is 
certainly not absent in the turtle. 

8. Experimental ■procedure on the snake. No satisfactory work on 
the contraction of the lung in these animals can be done without virtu- 
ally removing the lung from the body, complete pithing of the spinal 
cord, or complete curarization, thus immobilizing the body. Curari- 
zation is, of course, not applicable in experiments on the relation of the 
lui^ contractions to the external respiratory act. Henpe we used the 
tnethod of complete pithing of the spinal cord after transection of the 
cord two or three segments below the medulla. The animal was then 
fixed, dorsal side down, the lung exposed and isolated by a ventral 
median incision, taking care to avoid hemorrhi^e. The recording 
cannula was inserted in the tip of the lung rather than in the trachea. 
The trachea was ligated after isolation from the vagi and the neck blood 
vessels. This preparation is suited only for studying the relation of 
the respiratory movements to the lung contractions, the vagi action 
on the lungs, and the lung reflexes evoked from the head region of the 
animal. In the pithed snake the external respiratory movements ap- 
pear in the form of attempts at swallowing air just as in the turtle. ' 
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In the species of snake used by us the lung is not a paired organ. 
Alveoli and septa are present in the anterior third of the lung only, 
the posterior two-thirds of the lung being a delicate apparently 
muscular sac very much like the primitiv» lung of necturus. lliere 
bdng only one lung, the necessary artificial respiration had to be car- 
ried out periodically in the lung while suspending the recording. Tliis 
fact renders the snake much less suitable than the turtle for the study 
of lung motor physiology. 

The musculature of the snake lung is very much less developed than 
that of the turtle. Even delicate water manometers are not sufficiently 
sensitive for recording the lung contractions. The snake pr^tarations 
also deteriorate very much faster than does the turtle. Because of 
these several handicaps the work on the snake was only carried to the 
point of establishing the identity of the fundamental facts of lung motor 
physiolt^ in these two groups. 

THE aHYTHMIC CONTBACnONB OF THE LXTNQS DUBtNO NORUAL SBSPI- 
BATION AND AFTER PARTIAL AND COUFIXTB CUKABIZATION 

1. Typical records of the active lung contractions that follow each 
external respiratory act or a group of respirations are reproduced in 

Fig. 3. Water manometer tracings of the intr^>ulmonic pressure in the turtle. 
Animals decerebrated. A: Record from left lung; dorsal shell removed on left 
side, lung isolated except nerve and blood vessel connections. Cannula in left 
bronchus. The spontaneous respiratoiy movements at a passively influencing 
the isolated lung. Each group of respiratory movements is followed by contrac- 
tion of the isolated lung. B: TracingfrDrntheBameanimalasinJiZlhoutslater 
after recovery from curare. Record from the intact (right) lung. Cannula in 
trachea. Each group of respirations is followed by contraction of the lung. 
C: Tracing from left lung, isolated as in A, after intravenous injection of a dose of 
curare (ice. of 1 percent, to paralyse skeletal muscles). Signal equals gasping or 
swallowing movements. These are followed by lung contractions. D: c, left 
lung isolated SB iaA;b, right lung in normal attachments, a, carotid blood pre»- 
■ure (Hg.); signal equaJs respiratory movements; i cc. curare injected intrave- 
nously leaving slight respiratory movements of mouth and flanks. Showing lung 
contractions following respiratory movements. E and F: Spontaneous contrac- 
tion of lungs after a large dose of curaie (1 cc. I per cent) completely paralysing 
all striated muscles. E, lung isolated as in A. F, lung in normal attachment. 
Showing rhythmic lung contractions in the absence of external evidence of reapi- 
ration. O and H: Water mfmometer records from inflated balloon in the stomach 
of the turtle; shell intact; stomach atonic and quiescent, but showing beginning 
of feeble rhythm at e; a, spontaneous respiratory movements, quick up and down 
stroke, followedby lung contractions; 6, shown asdiminished tension in the stom- 
ach because of the lowered intra-abdominal pressure created by the active lung 
contraction, the shell being intact. Time, 5 seconds. 
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figure 3, A, B, C. The lung contr&ctioii follows the respiration after 
a latent period of 1 to 3 seconds. In preparations in poor condition 
the latent period is usually much longer. If the external respiratory 
movements are of the Cheyne-Stokes type, the lung contraction does 
not appear until the end of the last respiration in the group, especially 
if the respirations come fairly close together, except in marked asphyxia. 
The lung contractions are usually absent when the external respiration 
is rapid and continuous. This absence appears to be due to inhibition 
of the center controlling the lung contractions by some process in the 

■ external respiratory act. 

Under certain conditions acts of external respiration may be executed 
: without being followed by a contraction of the lung. This is especially 
: the case in animals in poor condition from any cause, in preparations 
; in partial traumatic shock from the operative procedure, or if for any 
; reason, such as apnea, the external respiration is feeble. By feeble we 
' mean feeble discharges from the respiratory center. The general rela- 
: tion obtains that the stronger external respiratory act, the stronger the 
lung contractions that develop during the respiratory pause. 
Graphic records of this strong lung rhythm may be obtained from 
. an inflated balloon in the stomach of the turtle, provided the stomach 
. is relatively quiescent and in low tonus (fig. 3, G and H). The external 
respiratory act induces passive changes in the intragastric pressure (fig. 
3, O, a) just as in mammals, except reverse, that is, in the turtle expi- 
ration causes increased intragastric pressure and vice versa. The 
active lung contractions appear on the gastric balloon records as waves 
of n^ative pressure or lowered tonus, owing to the lung contraction 
increasing the general intrar-abdominal negative pressure. 

Tracings showing the lung rhythm as it appears after complete curari- 
zation are reproduced in figure 3, E and F. If a paralyzing dose of 
curare is injected intravenously in a preparation breathing spontane- 
ously and regulwly and exhibiting lung contractions as in figure 3, A, 
the brief central stimulation phase of the curare action, as shown by 
violent body movements and cardiac arhythmia, is followed by complete 
quiescence of the lungs lasting for one-half to two hours. This is not 
due to peripheral paralysis of the pulmonary motor nerve fibers. It is 
evidently due to paralysis of the medullary centers by curare. Reflex 
lung contractions can be secured before the spontaneous rhythm ap- 

■ pears. But when the spontaneous lui^ rhythm reappears, it continues 
for hours or indefinitely provided suitable artificial respiration is carried 
out at intervals and a fairly efficient circulation nwntained. 
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The fact that the lung rhythm appears in completely curarized ani* 
mals showB that it is not due to reflexes evoked by acts of external 
respiration. It shows further that central and efferent nervous pro- 
cesses of the external respiration go tm during the curarized state, 
because these lung contractions are mde events in the normal respi- 
ratory act. 

These lung contractions following the external respiratory act have 
been studied and described by Francois-Franck (3), (4) in several 
species of reptilia. They are evidently identical with the active lung 
contractions following the respiratory act in frc^ and salamanders, 
recently reported by us (13) and (14). It may be of some interest to 
note that in this regard the lui^ physiology of amphibia and rep- 
tilia is similar or identical, despito the fact that the me<^ianiBms for 
effecting lung ventilation in these two groups of »uiimiJ« are entirely 
different. 

£. As already noted, the lung contractions develop during the respi* 
ratory pause, and if the respirations come close together they may not 
appear at all, except in states of marked asphyxia. In fact, a lung 
contraction once begun may be weakened or cut short by an act of 
external respiration coming on before completion of the contraction. 
It would thus appear that while a single respiratory dischai^ from the 
respiratory center will, as a side effect, induce a lung contraction after 
a characteriBtic latent period, several respiratory discharges following 
in succession closer than this latent period of the lung contraction 
interferes with this development in such a way that the lung contrac- 
tion follows the last respiratory act only. We have made very great 
efforte to determine the mechanism of this interference by satisfactory 
experiments. 

On most of our tracings from the isolated lung, the animal breathing 
spontaneously by the lung on the intact side, there appears a tonus 
relaxation of the isolated lung during the period of external respiration, 
that is, prior to the active lung contraction. This may be seen in 
figure 3, A, and figure 6, A. If all purely mechanical factors were 
excluded, this would indicate a central inhibition of the lung tonus by 
dischai^es from the respiratory center prior to the central processes 
initiating the lung contractions. Francois-Franck (4), (5) has called 
attention to the fact that on stimulation of the peripheral end of the 
incompletely isolated vagus the lung contraction produced by this 
stimulation may be preceded by an apparent inhibition of the lung tonus, 
in reahty due to mechanical factors developed in the body cavity as the 
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result of the coatractions of some muaclee of the neck. Furthermore, 
if the isolated and inflated lung presses against any structure in the 
body cavity with a force equal to or greater than the internal pressure 
maintained in the lung (1| to 2 cm. water) and if these structures are 
ao moved by the act of spontaneous inspiration that the pressure on 
the outside of the lung is decreased, the net result would be an appar^kt 
inhibition of the tonus of the isolated lung during the external respi- 
ratory acts. We endeavored to eliminate this source of error by com- 
plete curarization, by section of the spinal cord below the medulla, 
aad by suspending the isolated lung partly ouUdde the body cavity. 
In completely curarized preparations there is, of course, no external 
respiratory act, but the facts cited above go to show that the discharge 
from the reapu-atory center, after an initial paralysis, is resumed and 
continues riiythmically. Despite this fact inhibition of the lung tonus 
prior to the lung contractions rarely if ever appears on the tracings 
from our completely curarized animals. This may be due, however, 
to a depression of the medullary centers by the drug (direct chemical 
action, or indirect by altering or diminishing afferent skeletal nervous . 
impulses) to such an extent that the tonus motor action of the medul- 
lary centers on the lung is abolished. Without such tonic motor action 
there could be no relaxation of lung tonus by central inhibition. This 
nc^tive result on completely curarized animals is therefore no criterion 
of what the discharges from the respiratory center may do in the direc- 
tion of central inhibition of hxog tonus, when such central motor tonus 
is present. 

We have secured tracings from animals partly curarized, from tad' 
mals with section of the Efdnal cord in the neck, and from twimah 
without curare or spinal cord transection, but with the observed lung 
suspended outside the body cavity, indicating a central tnAibitum of 
the luJiu tonus by the dieeharge from the respiraiory center, an iTihUntion 
prior to the motor innervation of the luTig, A tracing illustrating this 
fact is shown in figure 6, B. Water mantmieters are usually not dehcate 
enough to disclose the inhibition. This inhibition is probably pro- 
portional to the amount of central motor tonus in the lungs. 

From the point of view of utility or teleology this inhibition would 
be expected, as greater relaxation of the lung tonus means less resistance 
to lui^ inflation, and active lung contraction would counteract the 
inspiratory effort. The possible utility of the active lung contraction 
following the respiratory act is another matter. Useless, useful or 
harmful, it is there, and we are at present concerned only with the 
mechanisms of its initiation and control. 
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3. We desire to p(»nt out, however, that the above described rela- 
tions of the external respiratory act to the active lung contractions are 
similar to the relation of the swallowing act to the peristalsis of tbe 
esophagus. If the swallowing acts are sufficiently far apart, each swal- 
lowii^ is followed by a peristaltic wave of the esophagus initiated from 
the medulla. If the swallowing acts are repeated at very brief intervals 
esophageal peristalsis follows the last swallowing act only. Tbe parallel 
between swallowing-esoph^eal peristalsis and respiration-limg con- 
traction appears complete,- despite the very diverse functions of the 
two mechanisms. The lung bas the same organogenesis as the esopha- 
gus, and the primitive mechanism for external respiration is swallowing, 
tbe active liu^ contractions following the respiratory act (airawallow- 
ing) serving probably a real respiratory function. As the mechanism 
of external respiration changes with the reptilia the organogenesis 
and primary nervous relations of the lung remaining the same, the 
Itmg iTthibition and contractions aasociated with the respiratory act may 
repreaeni inherited mechanixmg uadeaa, if not at timea aduaUy harmful to 
. ammaU provided with this later respiratory device. It may be a vestigial 
mechanism on the road to eliminaiion in the process of evolution. 

4. The influence of asphyxia on the bulbar center for the lung rhythm 
appears to run parallel with the influence of asphyxia on tbe respiratory 
center. In curarised preparations pemiitted to go into var3nng d^rees 
of asphyxia the lung rhythm increases in rate and intensity to the point 
of incomplete lung tetanus parallel with increasing asphyxia (fig. 4). 
It is clear that asphyxia increases the lung tonus by central motor action. 
"Die lung rhythm does not end in this state of incomplete tetanus. If 
the state of asphyxia is permitted to continue, the inccmplete tetanus 
stage is followed by feebler lung contractions appearing at greater&nd 
greater intervals (5 to 10 minute intervals in some cases) beforethe 
final quiescence. This probably represents the well-known final feeble 
activity of the respiratory center when the asphyxia is carried beyond 
the point of stimulation to that of actual impairment of the center. 

Further evidence of this complete parallel is furnished by the type 
of experiments illustrated in figure 5. Here artificial respiration through 
the intact lung, normal, A, and denervated, B, both preparations being 
completely curarized, inhibits the tonus and rhythm in non-asphyxiated 
preparations. A, evidently by inducing apnea, and diminishes tbe tonus 
and incomplete tetanus in the asphyxiated preparation, evidently by 
decreasing the asphyxial condition of the blood. 
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In non-curarued preparations, in which one can follow the action 
of the respiratory center by means of the external respiratory acts, con- 
tractions of the isolated lung, not related to any ejcternal respiration, 
may appear during asphyxia. It appears that asphyxia may occasion- 
ally disorganize the normal correlation between the respiratory center 
and t])e vagi center controlling the lung contractions, and that asphsndal 
conditions are capable of stimulating the latter centers directly. 



Fig. 6. Tracings of the intr&pulmonic pressure in the turtle. Left lung, iso- 
lated except pulmonary nerves and blood vessels. Left bronehus ligated. Cao- 
nuU in tip of lung. Animals decerebrated. Right lung left in normal relations. 
A: signal, spontaneous respiration. Showing inhibition of tonus of isolated 
lung during respiratory movements followed by strong contraction of lungs. 
Water manometer. B: animal partially curariied, having respiratory muscles 
in feeble activity. Signal, spontaneous respiratory movements. Both tracings 
from left isolated lung, a, record from delicate tambour; 6, water manometer. 
Showing lung contractions following spontaneous respiratory movements, pre- 
ceded by tonus inhibition, as revealed by tambour, the water manometer not being 
delicate enough to register the tonus inhibition. 

THE BOLE OP THE EFFERENT PUUfONAKT VAOt FIBEB8 AND THE VARIOUS 

FARTS OF THE BHAIK IK THE GENESIS OF THE RHTTHUIC 

LXINO CONTRACTIONS 

1. In the species of turtle studied by us the spontaneous lung con- 
tractions are of central origin, and the motor innervation is through 
the vagi, as ^own by Kahn (8) and Fran^ois-Franck (5) for the com- 
mon land turtle of Europe. This may be shown by experiments such 
as reproduced in figure 7, A. In that case the animal was completely 
curarized, graphic records being taken of the lung contractions both 
from the isolated and the intact lungs. The intact lung has, of course, 
its sympathetic nerve connection intact. Nevertheless section of the 
v^uB nerve on the side of the intact lung abolishes the strong con- 
tractions in that lung at oace and forever. The section of one vagus 
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stops the contraction of the lung on the opposite side temporarily 
through stimulation of afferent inhibitory fibers in the vagus trunk 
depreseing the medullary centers. It is thus clear that the motor 
innervation of the lung rhythm is solely through vagi nerves. The 
same fact can be illustrated by the use of atropine. Atropine paralyzes 
the vagi motor fibers in the lungs. The tracing reproduced in GgureS, 
C, was secured from the left Im^ of a completely curariaed preparation, 
the lung being isolated from the body except for the pulmonary blood 



Fig. 8. Wftter manometer tracings of the intrapulmoDic pressure in the turtle. 
Animalfl decerebrated. Left lung isolated, cannula in tip; right lung in normal 
relations. A and B, showing lung contractions following the spontaneous respi- 
ratory movements. A: a, section of right vagus in neck, followed by temporary 
inhibition (central) of the tonus and contractions of the opposite lung, also tem- 
porary inhibition of the respiratory movements. The latter reappear at X, but 
are not followed by lung contractions. Tracing B is continuation of A after a 6 
minute interval, the lung contractions gradually regaining normal vigor. C: ani- 
mal completely curariied; lung in strong tonus and contractions, probably from 
partial asphyxia, a, intravenous injection of } mgm. atropine sulphate followed 
by permanent inhibition (peripheral action) of lung tonus and contractions. 
Signal shows vagus stimulation is without effect on lung. 

These tracings indicate a tonic condition of the medullary center controlling 
the lung motor tissues. This center is more profoundly influenced by depres- 
sant impulses ("shock"?) than is the respiratory center. 

vesBels and pulmonary vagus branches. Intravenous injection of 0.5 
mgm. atropine sulphate abolished the lung rhythm promptly just as 
it abolisbed the motor action of the vagus on the lung musculature. 

The reader's attention may again be directed to the fall in lung tonus 
induced by peripheral vagus paralysis of atropine and by afferent de- 
pressor impulses acting on the medulla (fig. 8, A and C). The tracii^ 
in figure 8 show at least that under some conditions (partial asphyxia) 
the medulla-vagi-lung motor mechanism is in a state of tonic activity, 
in which the stronger rhythmic contractions are superimposed much 
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like the constant tonus and the occasional peristaltic contractions of 
the gut. We have so far been unable to demonstrate this tonic activity 
under more nearly normal conditions; but our resulta point in the di- 
rection of some normal motor tonus. 

£. The inhibition of the contractions of the lung on the opposite 
side induced by section of one vagus (afferent inhibition of a central 
automatism) is usually more prolonged than shown in figure 7, A. 
In preparations not curarized it can be shown that section of one vagus 
temporarily inhibits both external respiration and the tonus and con- 
tractions of the lung on the opposite side, the external respiratory 
acts retumii^ sooner than the lung contractions. 

Section of the spinal cord in the neck also produces a very prolonged 
inhibition of the medullary center initiating the lung rhythm (fig. 7, B). 
This central inhibition or shock is shown not only by the temporary 
abolition of the spontaneous rhythm, but also by the lowering of the 
excitability of these centers to reflex stimulation leading to lung con- 
tractions. 

S. As reported by many previous investigators, stimulation of the 
peripheral end of the vagus nerve in the turtle causes contraction of 
the lung musculature (fig. 9, C). We have never seen any inhibitory 
effects on the lung in the turtle from stimulation of the peripheral vagus. 
This appeara to us s^nificant in view of the fact that in the frog the 
predominant action of the vagi on the lungs is inhibitory, and in the 
most primitive amphibian lung (necturus) all the efferent lung nerve 
fibers appear to be inhibitory. 

-In the species of turtle studied by us the motor action of the vagi 
on the lungs is strictly unilateral. Single induction shocks (make or 
break) applied to the peripheral vagus' will not cause lung contractions 
unless exceedingly strong. Weak tetanizing currents applied to the 
vs^ induce an incomplete tetanus or rhythm that seems to indicate 
a certain degree of refractory state in the peripheral mechanism. Strong 
tetanization of the vagi will, however, induce curves of complete tetanus 
closely resembling those of an ordinary muscle nerve preparation (fig. 
9,C). 

In view of the identity of origin and certain similarities in the nervous 
control of the limg and the alimentary canal, we made some comparisons 
between the vagi motor action on the lungs and on the stomach (fig. 
10). The latent period of the vagi motor action on the stomach is 
very much longer than its motor action on the lung. The turtle's 
stomach cannot be tetanized by vagus stimulation; the lungs can be 
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tetanized. The third marked difference ia the quick failure of vagus 
motor action on the stomach on repeated stimulatioQ in comparison 
with the repeated tetany of the lunga that may be induced by vagus 
' stimulation. These differences may be due, in part, to the fact that 
in the turtle the vagi carry inhibitory efferents to the stomach in ad- 
dition to the motor, while the efferent vagus lung action is solely motor. 
The differences also surest that the gut has retained more of its primi- 
tive auttHnatism (independent peripheral nervotis system) while the 



Fig, n. Water manometer tracings of the contractions of the isolated lung of 
the turtle. Animal decerebrated and completely curariied; left lung Isolated 
esMpt for pulmonary vagi fibers and blood Tesaels. Cannula in left bronehua. 
Stbnulatiou with moderately strong tetaniiing current, 'I, optic lobea, B, meduUft, 
C, peripheral end of left vagus, showing incomplete and complete tetanus of the 
lung musculature. 

differentiation in the lung has been toward the more simple relations 
of a muscle nerve preparation. 

4- In 1878 Martin reported that stimulation of the optic lobes in 
the frog accelerates the eirtiemal respiratory movements. Since that 
time several investigators have concerned themselves with the problem 
of accessory respiratory centers above the level of the medulla. Re- 
cently Coombs (12) reported that stimulation of the optic lobes or the 
medulla in the turtle with weak tetanizing current causes lung contrac- 
tions via the vagi nerves. 
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As we have shown, the noimal rhythmic contractions of the turtle 
lung are Bide events in the external respiratory act. This being the 
case, we would expect lung contractions from stimulation of any part 



Fig. 10. Simultaneous water manometer tracings of the stomach and the lung 
contnetions on stimulation of the peripheral end of the vagi nerves in the turtle. 
In A and B, upper record from stomach (balloon method) ; lower record from left 
lung, isolated except for the pulmonary blood vessels and vagi fibers; cannula 
in left bronchus. Signal, stimulation of peripheral end of left vagus with the 
tetanisiog current. Showing longer latent period, more rapid fatigue and ab- 
sence of tfltanuB in the gastric response to vague stimulation. 
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of the ceDtral nervous system that has motor connections with the 
medullary respiratory center. This has turned out to be a fact, at 
least as regards the optic lobes. In figure 9, A and B, are reproduced 
typical tracings of the incomplete tetanus the lung induced by stimu- 
lation of the optic lobes and the medulla with weak tetanizing currents. 
The lung contraction curves induced from the optic lobes and from the 
medulla in completely curarized turtles are practically indistinguishable. 
Both centers fail quickly under this type of stimulation and there is 
a single after-discharge (lung contraction) that appears more normal 
than the contractions induced directly by the stimulation. Complete 
tetanus of the lungs cannot be induced by central stimulation, evidently 
because of central refractory states. 

A tonus rhythm or spontaneous contraction of the lung aftersection 
of the vagi nerves similar to that described by Fano and Fasola (2) 
in the European turtle, has been seen occasionally in our turtle prepa- 
ration, when we used an exceedingly delicate tambour as a recording 
device. The contractions are feeble but slow and regular. They may 
persist for hours (fig. 23, A). It is probable that a peripheral automatic 
motor mechanism of the lung is present in all species of turtle, although 
it may differ in degrees in various species; but it requires not only deli- 
cate recording devices but, above all, animals in prime condition to 
reveal it. It is certain that parallel with the development of the new 
type of external respiratory mechanism in the reptilia, the peripheral 
lung motor automatism, so prominent in the amphibia, has retrc^aded 
or has been changed to one of primarily medullary origin, 

LUNQ REFLEXES 

/. Lung Tefiexes from sensory siimulation of the respiraiory frarf: o. 
The pulmonary branches of the vagi contain two kinds of afferent fibers 
acting on the medullary center, one type causing reflex lung contraction 
in a quiescent preparation, or acceleration of the contractions in an 
active preparation. The other type causing inhibition of the tonus in 
the case of quiescent preparations or of the contractions in active prep- 
arations. For the sake of brevity we call these motor and inhibitory 
afferents, respectively. The motor afferents are stimulated by inflation 
as well as by deflation of the lung (fig. 11) or by the weak tetanizing 
current. Strong tetanizing currents, on the other hand, stimulate the 
inhibitory afferents. In all these experiments the lung infiation and 
deflation, and the direct stimulation of the central and of the pulmonary 
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yap, we used, of course the lung and vagus on the opposite side to the 
lung serving to record the contractions. In no case did we note the 
inhibitory afferents being stimulated by lung inflation or lung deflation. 

Topical tracings showing the reflex lung contraction on lung in- 
flation and deflation are given in figure 11. Tracings showii^ the 
opposite reflex effects on weak and on strong tetanization of the 
central end of the pulmonary vagi are reproduced in figure 12. The 
pulmonary motor afferents can also be stimulated by other mechanical 
means, for example, rubbing the collapsed lung of one side between 
one's fingers induces reflex contraction in the opposite side via the 
medulla. 

Reflex lung tetanus cannot be produced by lung deflation or inflation, 
that is, the active chiuige in the intrapulmonic pressure, and not the 
state of continued inflation or collapse that acts as stimulus to the 
motor afferents. 

In preparations not curarized, but breathing normally by means of 
the intact lung, single inflation of the intact lung during a respiratory 
pause usually gives a reflex lung contraction; but if the inflation is 
made shortly after completion of a spontaneous contraction by the 
isolated lung, the reflex may not be elicited. The same is true if a series 
of lung inflations is produced with very short intervals between each 
inflation. These facts evidently point to a condition of refractory 
state of the medullary reflex center, unless the phenomenon can be 
due to simultaneous stimulation of the inhibitory pulmonary afferents. 

In turtle preparations in good condition deflation of one lung by 
suction through the trachea invariably initiates or accelerates the ex- 
ternal respiratory movements. Lung inflation, on the other hand, 
may start a respiratory movement or it may temporarily inhibit the 
external respiration. It is thus evident that stimulation of the pul- 
monary motor afferents by lung inflation may initiate reflex lung 
contractions by acting on the medullary motor center directly, the dis- 
charge of the respiratory center not being a necessary hnk in the chain. 

We have found that a single inflation of the intact or isolated lung 
aerates the blood, accelerates the heart and by so doing improves the 
circulation through the medullary centers because of the increase in 
the general arterial pressure. It is certain however that the contrac- 
tion of the isolated lung following one or more inflations of the intact 
lung does not occur because of the improved circulation of a more 
highly oxygenated blood through the medullary lung center; for this 
reflex contraction persists not only following the inflation of a lung the 
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pulmonary vessels of which have been occluded by a temporary ligature 
but can be elicited for a considerable time after the complete excision 
of the heart. On the other hand, it is not obtained from the isolated 
lung following a single or several inflations of the denervated but other- 
wise intact timg of the opposite side. 

We designate the reflex inhibition of lung tonus and contraction by 
strong tetanization as due to a separate type of sensory fibers, the 
inhibitory afterents, at the same time keeping in mind the possibiUty 
that this inhibition may in reality be due to abnormally strongQor 



Fig. 13. Water manometer traciogs of the intrapulmonic pressure in the turtle. 
Animalfl decerebrated and completely curariied. Records from left lung isolated 
except from pulmonary blood vessels and vagi branches. Cannula in left bron- 
chus. A and B: stimulation of central end of recurrent laryngeal nerve, showing 
reSex inhibition of the lung rhythm. C: stimulation of central end of gastric 
branches of right vagus, showing reflex augmentation of the lung rhythm. 

abnormally rapid series of impulses over the motor afferents impinging 
on the central automatic mechanism. This stimulation also inhibits 
the external respiratory movements. 

h. Stimulation of the central end of the inferior or recurrent laryngeal 
nerves causes invariably reflex inhibition of the lung tonus and con- 
tractions (fig. 13, A and B). At no time was reflex lung contraction 
obtained from the central end of this nerve. Motor afferents for the 
lung reflex are either absent or the inhibitory afferents are so pre- 
dominant that the action of the former type is entirely suppressed on 
simultaneous stimulation of the two types. 
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Observations on the effects of external respiration of stimulation of 
the central end of the inferior laryngeal were not made but in con- 
nection with this reflex depression of the lung contraction mechanism 
we can state that mechanical tension or pulling on the trachea causes 
profound depression of the respiratory center (fig. 14). Mechanical 
stimulation of the larynx and glottis (nibbing witb blunt probe) on 
the other hand induces strong lung contractions. 

c. Mechanical stimulation (gentle rubbing) of the posterior nares 
causes very powerful lung contractions. If the stimulation is long- 



Fig. 14. TraciDg of respiratory movements (water manometer) in the turtle. 
Animal decerebrated; cannula in trachea, rapid respiration due to partial as- 
phyxia; s-a:', strong forward traction on trachea, inducing a temporary depression 
of the respiratory center, probably through stimulation of the recurrent laryngeal 



continued the lung goes into incomplete tetanus. This stimulation 
initiates lung contractions in quiescent preparations and accelerates 
the rhythm in active preparations. When the nares are thus stimu- 
lated in decerebrated but non-curarized preparations such stimulation 
induces most violent respiratory efforts and general struggling. 

In general the reflex lung contractions evoked from the nares are 
more powerful than those produced by stimulation of any other region 
of the respiratory tract. It is one of the last lung reflexes to disappear 
as the preparation deteriorates from circulatory failure, and other 
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Fig. 16. W&ter m&Dometer tracingg of the intrapulmooic pressure in the turtle. 
AnimolB decerebrated and completely curariied. Records from left lung, iso- 
ated except for pulmonary blood vessels and vagi nerves. Cannula in tip of 
lung, bronchus ligated; jI: light stimulation; B: stronger stimulation of central 
end of sciatic nerve, showmg acceleration and incomplete tetanus of lung rbythm. 
C: a, stroking of skin of hind leg with finger; b, pinching toes of hind leg, x, cut- 
ting skin of hind leg. Showing reflex lung contraction on stimulation of cutaneous 



Fig. 17. Water manometer tracings of the intrapulmonic pressure in the turtle. 
Animals decerebrated and completely curarised. Records from left lung, iso- 
lated, except for pulmonary blood vessels and nerves. Left bronchus ligated; 
cannula in tip of lung. Preparations showing no spontaneous medulla-lung 
rhythm. Signal, stimulation of central end of sciatic nerve with tetanizing 
current. Showing reflex development of lung rhythm and lung tetanus. 
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3. Lung reflexes from Vie viaeeral aenaory nerves: a. The (UimetUary 
trad. Reflex lung contractions may be obtained from practicfllly every 
part of the alimentary canal, the most powerful being the lung contrac- 
tions following stimulation of the lower end of the gut (cloaca, rectum, 
large intestine). Medianical distention with balloon, rubbing, pressure, 
cutting or crushing this end of the alimentary canal causes contractions 
in the lung. (fig. 18, B, C, Da, Dd; fig. 19, o, c). In fact, one may 
induce incomplete tetanus of the lungs by strong stimulation of the 
lower end of the gut. 

Mechanical or electrical stimulation of the small intestines also 
induces lui^ contractions (fig. 19, b, d). Similar lung reflexes are 
induced by stimulation of the central end of the gastric vagi branches . 
(fig. 13, C), and by direct stimulation of the esophagus. But the 
contractions of the empty stomach, even when most v^rous, do not 
influence the lung motor mechanism. 

Inhibition of the lung tonus and contractions were not seen as a 
result of artificial stimulation of the gut. But it seems clear that the 
afferent nerves of the alimentary canal, especially the oral and anal 
ends, make motor connections with the lung medullary centers. 

b. The genito-urinary tract. Powerful lung contractions are induced 
by mechanical distention, pinching, crushing, tearing or electrical 
stimulation of the urinary bladder (fig. 18, A; fig. 19, c, 6). Electrical 
or mechanical stimulation of the ureters, penis, prepuce and testis 
also produces motor reflexes into the lungs (fig: IS, De; fig. 19, /, j). 
As in the case of the alimentary tract, no reflex inhibitions into the 
lung were secured from the genito-urinary tract. In several female 
specimens the ovuies and the oviducts were stimulated, without any 
reflex influence on the limgs. Stimulation of the Iddueys also yielded 
nothing definite in the way of liu^ reflexes. The most powerful and 
consistent lung reflexes in this group are those elicited from the urinary 
bladder. 

c. The visceral sympathetic nerves. Outside the alimentary, the genito- 
urinary fmd the respiratory tracts no systematic or long-continued work 
was made on possible lung reflexes from the viscera, except for the 
stimulation of the central ends of the main visceral sympathetic nerves 
and connections. We may note, however, that the stimulation of the 
central end of the cardiac vagi branches has no effects on the lung. 
Reflex lui^ contractions were, on the other hand, obtained from the 
gall bladder, liver (fig. 19, g), and from the spleen. 
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The stimulation (electrical) of the central end of the vieceraJ sympa- 
thetic nerves wae made in a great many preparations, some in good, 
some in poor reflex conditions. The results are positive, that is, the 
stimulation of the visceral sympathetic nerves gives reflex lung contrac- 
tions (fig, 20). The reflex lung contractions are particularly powerful 
from nerves S, 3 and 4 (Ag- 2), these probably representing the group 
of splanchnic sympathetic nerves of the higher animals. 

Reflex inhibitions of lung tonus and of lung contractions were never, 
seen as results of stimulation of the central end of the visceral s^'mpar 
thetics. 



Fig. 20. Water manometer tr&cinga of the intrapulmonie pressure in the turtle, 
showing reBex lung contr&ctionB on atimulation of the central end of various 
sympathetic nerves. Animals decerebrated and completely curarited. Record 
from isolated left lung; cannula in left bronchus. Preparations showing no spon- 
taneous lung rhythm. A: stimulation with tetaniiing current; a, nerve 2 (see 
fig. 2); 6, nerve 3; c, nerves 2 and 3; d, nerve 4; e, nerve 5;/, nerve 6; ff, nerve 7. 
B: a, stimulation with tetaniiing current of nerves 2 and 3, showing reflex initia- 
tion of a temporary lung rhythm. 

Results at times positive at times negative were obtained from the 
central end of the cervical sympathetic (fig. 2). In some preparations 
the stimulation of this nerve induced what appeared to be a reflex 
lung contraction, in other preparations, in equally good reflex condition, 
the stimulation had no effect on the lung. It appears, therefore, that 
afferent components in the cervical sympathetic nerve trunk are few 
in number and variable in their central action, at least as regards their 
influence on the medullary centers controlling lui^ tonus and lung 
contractions. 

As the preparations are deterioratii^ the lung reflexes evoked from 
the visceral sympathetic nerves usually fail sooner than those called 
forth by stimulation of the spinal sensory or the afferent nerves of the 
respiratory tract itself. The cloaca, rectum and urinary bladder are 

TBI *m»Tctw (ODBiiu. or nniouioT, tol. H. ho, 1 
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tut exception to this rule, the lung reflexeB evoked from these oi^ans 
usually persisting to the end of all reflex response of the animal. 

4. The itifiuence of visceral sensory Jierves on the retpiratory center. 
We have shown that, excepting the inferior laryngeal (inhibition), the 
eardiac vagi (no action), the cervical sympathetic (inconstant), and 
strong stimulation of the pulmonary afferents (inhibition), senBory 
stimulation, spinal and visceral, induces reflex lung contractions. 
. Since lung contraction is a normal adjunct to the external respiratory 
act it is pertinent to ask whether these limg reflej^s are not secondary to 
the initiation or acceleration of discharges from the respiratory center. 
What effects have these sensory stimuli on the rate and intensity of the 
external respiratory movements? The turtle appears to be no exception 
to the rule that stimulation of spinal sensory nerves accelerates or 
initiates external respiration. As regards the spinal sensory nerves, 
therefore, we have a complete parallel between effects on external 
respiration and on lung contractions. Both are positive. 

In regard to the visceral sensory stimulation the results are not so 
clear. In the first place much of our reflex work was done on completely 
curarized animals, preventing parallel observation on the external 
respiration. We can state, however, that so far as our observations 
go, stimulation of the abdominal sympathetic nerves induces reflex 
contraction of the respiratory muscles as an invariable result. But 
discrepancies appear when we come to the stimulation of some of the 
visceral oigans, especially the cloaca, rectum and urinary bladder. 
As already pointed out the mechanical or electrical stimulation of these 
organs causes reflex lung contractions and never any inhibition, at 
least in curarized preparations. But the same type of stimulation of 
these organs in non-curarized preparations may cause pure inhibition 
of the extern^ respiration, as witness the tracir^ reproduced in figure 
21. We are dealing here with two possibiUties, viz., a, stimulation of 
some of the visceral sensory nerves induces opposite effects on the two 
medullary centers depressing the respiratory center and stimulating 
the lung motor center; or b, the visceral afferents may have both effects 
on the two centers, the end result (depression or stimulation) depending 
on the intensity and rate of the artificial stimulation, the central action 
of curare tending to reveal only the stimulation action on the lung motor 
mechanism. Further work is required to establish either or both of 
these possibilities. 
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BESULT8 ON THE SSAXE 

1. Spontaneous lung contractions. If the eirtemal respiratory acts 
are not too close together, each act of external respiration is followed 
by a contraction of the lung. These lung contractions are feeble and 
of very short duration (fig. 22, A). If the attempts at external respi- 
ration come close together lung contractions appear only occasionally 
or rather during the respiratory pauses (fig. 27, Ca) . 




Fig. 22. Tr&cinge (delicate air tambour) of the intrapulmonic pressure in the 
anake. Spinal cord cut and pithed below the medulla. Lung isolated; cannula 
in tip, trachea ligated. A: signal, spontaneous respiratory movements, showing 
lung contractions fallowing each attempt at respiration; a, artificial respiration 
through cannula in tip of lung; b, pithing of brain followed by ceasati(»i of lung 
contractions. B: a, mechanical stimulation of skin of the head; 6, mechanical 
stimulation of the cornea; c, mechanical stimulation of nares; d, electrical stimu- 
lation of central end of left vagus— showing reflex lung contractions. C: a, liu^ 
contractions following spontaneous respiratory efforts; 6, tetanising of both 
peripheral vagi; e, stimulation of the peripheral vagi with increasing number of 
electrical shocks—showing that motor discharge to lungs following respiratory 
movements is nearly maximal, as brief tetaniiing of vagi produces only slightly 
greater lung contractions and that the vagi-lung muade reacts to electrical stimu- 
lation like an ordinary nerve-muscle preparation. Time, S seconds. 

These lung contractions in the snake appear to us too feeble to be 
of any value in the respiratory exchange of the lung. 

2. Lung refiexes. Refiex lung contractions can be induced by the 
stimulation of the central end of one vagus, the other vagus being intact, 
and by stimulation of the nares, the cornea and the skin of the head 
region (fig. 22, B). The lung contraction following stimulation of the 
central end of one vagus is invariably preceded by an act of respiration, 
that is, a discharge from the respiratory center. The other refiex lung 
contractions may appear without being preceded by attempts at ex- 
ternal respiration. 
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3, R6le of the pulmonary vagi. Section of both vagi abolishes the 
lung coDtractiona associated with the acta of extenial respiration. 
Stimulation of the peripheral end of either vagus causes contractions of 
the lung. These lung contractions appear to be confined 'to the upper 
third of the lung, that is, to the alveolated part or lung proper. It 
is a sii^ular fact that, with one exception, all the paired lung reptilia 
thus far investigated, the lui^ motor action of the vagi is strictly 
unilateral, while in this species of snake both vagi act on the one lung. 
And it appears that the one-lunged condition of most snakes is due not 
to fusion of the original pair but to atrophy of one of the pair. 

The lung motor fibers in the vt^ of this snake can be stimulated with 
single induction shocks more readily than in the turtle. There is also 
less evidence of a tendency to an all-or-nbne motor response in the 
snake lung. In fact so far as our experiments go the vagus lung miu- 
culature behaves much like an ordinary nerve preparation. 

Lung inhibitions from stimulation of the peripheral vagi were never 
observed. Destruction of the brain or section of both vagi neither 
decreased or increased the peripheral limg tonus. The lung vagi motor 
mechanism is either not in tonic activity or our method of preparing 
the animal abolishes this tonic activity through central "shock." 

While our work on .the snake was limited to eleven rather small 
specimens, the results indicate the essential parallel of the lung motor 
physiology in the snake and the turtle, namely, the vagi motor control 
and lung reflexes from the head origin of the animals. We have never 
observed a peripheral lung motor mechanism in the snake after section 
of the vagi. 

THE DIRECT INFLCENCE OP THE 8YMPATHBT1CS ON THE LONG MOTOH 



Jackson and Pelz (7) have published tracings apparently showing 
strong inhibition of the lung tonus on stimulation of the central end 
of the cervical sympathetic nerve. These investigators also state that 
strong stimulation of this nerve may induce limg contractions of greater 
amphtude thfm that caused by stimulation of the peripheral end of 
the vagus. We have made great efforts to verify the results of Jackson 
and Pelz, particularly in view of the rflle which such inhibitory efferents 
may play in the lung reflexes. 

We have been unable to follow nerve branches from the cervical 
sympathetic into the lung as figured by Jackson and Pelz. The sym- 
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pathetic pulmonary branches described by them appear identical with 
the motor fibers from the brachial plexus to the striated muscle 
attached to the anterior and dorsolateral wall of the lui^. 

Stimulation of the central end of the cut cervical sympathetic may 
induce respiratory movements followed by lung contractions, provided 
the spinal cord and the vagi are intact. Or if the cervical sympathetic 
trunk is stimulated near its course past the brachial plexus, contractions 
of the striated lui^ muscle, previously referred to, may be produced 
by an escape of current to its motor fibers. These are the only motor 
effects on the lung that we have seen following the stimulation of the 
central end of the cervical sympathetic nerve, and neither are due to 
stimulation of sympathetic efferents. 



Pig. 23. T&mbour trfusings of the iittr&pulmonic pieaaure in the turtle. Ani- 
male decerebrated, fixed dorsal eide down, plastron removed; atomach, liver and 
heart excised; vagi sectioned. Cannula in bronchus. A: Tracing showing a 
tonus rhythm in the lung independent of the vagi-medutla motor mechanism. 
B: Signal indicates stimulation of the central end of the cervical sympathetic 
nerve, showing slight inhibition (possibly refiex) of the peripheral lung tonus 
rhythm, developed after vagus section. Time, 5 second Interval. 

If the course of the sympathetic fibers to the lui^ in the reptilla 
is the same as in the amphibia and the mammals, these fibers should 
join the vagi in the neck or thorax and reach the lung via the pulmonary 
fibers of the vagi. We have stimulated the peripheral end of the cervical 
sympathetic nerve before its union with the vagus in very many prepa- 
rations without any effect on the lung motor mechanism. 

In one preparation only did we note any inhibitory effect on the lung 
from stimulation of the central end of the cervical sympathetic nerve. 
This preparation was decerebrated, fixed on the dorsal side, plastron 
removed, and eviscerated according to the method of Jackson and 
Pelz. A peripheral tonus rhythm appeared in the lung after section 
of the vagi. Tetanization (weak and strong) of the central end of the 
cervical sympathetic nerve induced some inhibition of this tonus 
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rhythm (fig. 23, B). Reflexes through the apinal cord were not 
excluded in this experiment. 

The actual presence of sympathetic efferents to the reptilian lung is, 
therefore, an open question. 



1. Under normal conditions the external respiratory act inhibits the 
lung tonus by central action, and is followed by a contrsction of the 
lung durii^ the respiratory pause. These lung contractions are of 
central origin, the peripheral motor path being the vagi nerves (cod- 
firming Kahn and Frangois-Franck). 

2. The medullary center , controlling the lung tonus and the lung 
contractions is not identical with the respiratory center, althoi^h 
nonnally associated with it in function in such a way that dischai^ 
from the respiratory center first depresses and then stimulates the lung 
motor center. The two centers are influenced in the same direction 
by asphyxial states, the lungs being put in a condition of incomplete 
tetanus by asphyxia, but one center may act, automatically or reflexly, 
without the other; and the lung motor centers are more profoundly 
influenced by afferent depressor nervous impulses {traumatic "shock"). 

3. The lung contraction developed during the respiratory pause is 
not a reflex depending on the muscular and other movements in the 
external respiratory act, as they persist after complete curarization, 
transection of the spinal cord in the neck, pithing the cord, or complete 
isolation of the lungs, save for the pulmonary vf^ and blood vessels. 

4. After section of the vagi a feeble tonus rhythm may appear in 
the lungs, but the strong contractions associated with external respi- 
ration are permanently abolished. Stimulation of the peripheral end 
of the vagi causes contractions and tetanus of the lungs, confirming 
the ordinal observation of Bert. This vagus-lung action is unilateral. 
Stimulation of the peripheral vagus reveals no inhibitory action on the 
lung motor mechanism. Stimulation of the optic lobes or the medulla, 
the vi^ being intact, causes limg contractions or incomplete lung 
tetanus (confirming Coombs). The lung tetanus is less complete than 
on direct stimulation of the peripheral end of the vagi, thus showing 
a central refractory state. 

5. The physiological relation of the respiratory and the lung motor 
centers have a complete parallel in the relations of the activity of the 
swallowing center to the medullary mechaniam controllii^ esophageal 
peristalsis. The action of the motor fibers of the vagi on the lung motor 
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tissues appears to be more direct and leae complicated than the motor 
action of the vagi on the stontach, although there ia some evidence of 
a tendency to an all-oi^none response and rhythm in case of weak 
tetanization of the peripheral ends of the vagi even in the case of the 

6. Inhibition as a primary act on the lung motor center in the medulla 
is produced by trauma to the vagi, stimulation of the central end of 
the inferior laryngeal nerve, and by strong stimulation of the central 
end of the pulmonary vagus. Trauma to the body causes a profound 
depression ("shock") of the lung motor center following an initial 
stimulation. 

7. Reflex lung contractions or incomplete lui^ tetanus can be in- 
duced from stimulation of the sensory nerves of the respiratory tract 
(exceptii^ the inferior laryngeal), that ts by inflation, by deflation, or 
mechanical pressure on the lung of the opposite side, by weak tetani- 
zation of the pulmonary afferents, mechanical stimulation of the larynx 
and the nares. It is thus clear that the normal respiratory act by lung 
inflation and deflation will by itself induce a lung contraction reflexly. 
This afferent component from the limg is not necessary for the di^ 
charge of the lung motor center associated with the respiratory rhythm, 
but may act as a cumulative factor. The lung contractions and lui^ 
t«tanuB induced reflexly from mechanical stimulation of the posterior 
oares are particularly striking. 

S. Mechanical and electrical stimulation of the alimentary tract 
(esophagus, gastric vagi, large and small intestine, rectum, cloaca) 
and the genito-urinary tract (urinary bladder, ureters, penis, prepuce, 
testes) induces reflex lung contractions or lung tetanus, the lung tetanus 
caused by stimulation of the cloaca, rectum and urinary bladder being 
particularly marked. Reflex lung contraction can also be evoked from 
stimulation of the gall bladder and the spleen. 

9. Stimulation of the central ends of the visceral sympathetic nerves 
causes reflex lung contractions. 

10. Stimulation (mechanical or electrical) of the cutaneous nerves, 
the cornea and the central end of the sciatic or brachial nerves induces 
reflex lung contractions or limg tetanus, depending on the strength of 
the s' imulation. 

11. The conclusions in regard to lung motor rhythm, its central 
and peripheral control, and the lung motor reflexes evoked from the 
head and neck region of the animal, apply both to the turtle and the 
snake. The lung reflexes from the viscera below the neck were not 
studied in the snake. 
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12. It would thus appe&T that the predominant reflex control of the 
lui^ in these animals, at least under our experimental condition, ia 
motor, thus differing entirely from the amphibia, where the predominat- 
ing control (automatic and refiex) of the lung motor mechanism is 
inhilafcoiy. 
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It haa been shown by m&ny observers, working with various methods, 
Beddard and Pembrey (1), Porges, Leimdoerfer and Markovici (2), 
Peabody (3), Pearce (4) — that the alveolar cEirbon dioxide tension is 
usually found to be low in cardiac dyspnea. The causes and meaning 
of this phenomenon have never been clear. In cardiac dyspnea, in 
contradistinction to most conditions that are associated with a low 
alveolar CO), no proportionate reduction of the alkaUne reserve of the 
blood haa been found. 

In 1917 one of us (5) studied the relation of the carbon dioxide tension 
of alveolar air to the bicarbonate concentration of venous plasma. A 
low alveolar COi-tension did not prove to be a constant characteristic 
of cardiac dyspnea. The alveolar COi was sometimes normal. But 
it was always lower than normal in relation to the alkaline reserve of 
the blood as determined by the Van Slyke method. Van Slyke (6) 
found that in normal subjects the alveolar COj-tension maintained a 
fairly constant relation to the plasma bicarbonate. If the milligrams of 
COt chemically bound in 1 cc. of plasma is multiphed by the constiint 
35, the result will be found to agree with the alveolar COr-tension 
(Haldane) expressed in mm. Eg. with about a 10 per cent variation. 
That is; 

(Alveolar COj in mm. Hg.) -*- (mgm. CO* chemically bound by 1 cc. 
of plasma X 35) = 100 ± 10. 

This observation we corroborated. That such a ratio should obtain 
in normal resting subjects seems reasonable. To a certain extent it 
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must represent the HjCOa/NaHCOa ratio, if the alveolar COs can be 
assumed to be a measure of the arterial COi-tension and the bicarbon- 
ates of venous plasma an indication of the bicarbonates of whole blood. 

In most normal resting subjects such assumptions will give rise to 
no serious errors. The difference between the carbon dioxide content 
of the arterial and the venous blood is not lai^e and is comparatively 
constant. In patholc^ical conditions which interfere with the general 
circulation or the ventilation of the blood in the lungs, a disturbance 
of these factors and consequently of the ratio may be expected. 

In normal resting subjects the alveolar COj/plasma bicarbonate ratio 
varied between 0.90 and 1 . 10. In cardiac decompensation with dyspnea 
and in some very advanced pulmonary conditions we obtained ratios 
"consistently below 0.85. To draw any definite conclusions as to the 
cause of the phenomenon was impossible. We suggested that it might 
be an expreseion of sohie defect of the normal mechanism for the elimi- 
nation of carbon dioxide and pointed out the possibility of connecting 
this with the pulmonary changes which had been demonstrated by 
Siebeck (7), Peabody (8) and others. 

Before any interpretation of the low alveolar COt^ of cardiac de- 
compensation is attempted it is obviously necessary to ascertain whether 
the method employed is applicable and whether the results obtained 
can be said to represent the true alveolar tension. The pre] minary 
work was done with the Fridericia pipette (9). This has given rise 
to some criticism. Repetition with a more orthodox Haldane method 
has given substantially the same results. Although Pearce (4) has 
criticised the use of the Haldane method, observations by his own 
method are substantially in agreement with ours. 

Siebeck (7), after a careful study of the respiratory mechanism in 
cardiac insufficiency, came to the conclusion that all detenninations 
of the alveolfU' CO] were useless in this condition. According to Sie- 
beck (7) the alveolar aeration in cardiac dyspnea is very imperfect, 
in consequence of which the expiratory air contains an excess of un- 
changed inspiratory air. Apparently he means that attempts to deduce 
the arterial COj-tension from the values obtained by the Haldajie 
alveolar method are unwarranted. But it is perfectly possible to 

' Although the reduction of the alveoiftr COi-tension is not abaolutely con- 
Btant. few patients fail to ahow it. In these few the carbon dioxide capacity of 
the plaama is distinctly high, while in most instances it is at or slightly below the 
normal level. It seems proper and simpler, for this reason, to speak of the low 
alveolar CO, of cardiac dyspnea. 
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consider the alveolar COi on its own merits as a functional entity 
without any deductions about arterial COr-tension. However well 
grounded the anatomical conceptions of Haldane with regard to the 
origin of the alveolar air in the normal lung may be, it is quite con- 
ceivable that in pathological or physiological disturbances, conditions 
may be so altered that any anatomical term loses its original significance. 
Here a functional conception proves of greater value, 

A normal expiration may be divided into two parts. The first part 
is practically useless from the stsjidpoint of respiration; it merely 
serves to empty the dead space (the nose, mouth, pharynx, larynx, 
trachea and bronchi) of the room air with which it was filled by the 
last inspiration. In normal resting subjects the volume of this dead 
space is fairly constant, varying about an average of 130 cc. Behind 
this lies B. mass of air of nearly constant gaseous composition through- 
out its whole extent and in close contact with the blood in the pul- 
monary circulation. This is the air which serves for the effective 
exchange of gases between the blood and the outside air, and it is a 
sample of this air that the Haldane method attempts to obtain. 

The first object of these studies was to find out whether samples 
obtained by the Haldane method represented the effective respiratory 
air. We have employed other methods in order to determine whether 
they give results in agreement with the Haldane values. 

Our studies have been confined to three methods: the Haldane (10), 
the Plesch (11) and the Henderson (12) venous COi. Pearce's (13) 
method has been omitted because its use in severe dyspnea j^esents 
considerable difficulties and also because it demands an amount of 
apparatus that renders it less adaptable as an ordinary clinical procedure. 

THE HALDANE METHOD 

The Haldane technique for obtaining alveolar specimens, although 
criticised for various reasons, is still considered the standard technique 
for the determination of the arterial COr-tension in normal subjects. 
It has not been generally adopted for clinical studies because of a popu- 
lar opinion that it is difficult or impossible to obtain good samples in 
any but highly trained subjects. This we have not found to be the 
case. We are inchned to believe the observer needs more training thim 
the subject. 

In these studies we have adhered in all essential respects to the 
orthodox Haldane technique, introducing only sl^ht modifications 
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which tend to diminish subjective errors. One of these is by no n 
ordinal and consists of the introduction of a three-way brass stop-cock 
designed by Mr. G. F. Soderstrom and shown in figure 1. This makes 
it unnecessary for the patient to close the tube with his tongue. Fur- 
thermore, no attempt has been made to collect inspiratory and expi- 
ratory specimens, as Haldime advises. Instead, samples have been 
obtained from the end of a forced expiration begun as soon as possible 
after the completion of a normal inspiration. When the respirations 




Fig. 1, Tbree-way otop-cock. 1, tube for uttachment of mouth-piece; t, tube 
leading to spirometer or left open to outside air; S, tube for attachment of Haldane 
tube, with side-ann C, to connect with gas sampling tube. 

are rapid, as they are in cardiac dyspnea, it is almost impossible to 
turn the valve at the proper moment to differentiate inspiratory and 
expiratory alveolar air with any d^pee of certainty. The propriety 
of using Ml expiratory specimen also seems questionable. The pro- 
longation of expiration during dyspnea may be equivalent to holding 
the breath for the duration of an extra respiration. We have tried to 
make the subjects force the sir out rapidly enough so that the expiration 
is not considerably longer than a normal one. The specimens as ob- 
tained by this method are not all from expirations initiated at the same 
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point in the respiratory cycle, but at various points in the expiratory 
phase between full inflation and deflation of the lungs. 

In detail the procedure is as follows: The rubber mouth-piece with 
the stop-cock and tube in place is flrst put in the patient's mouth with 
the stop-cock open to the air. He is encouraged to breathe through it 
to convince him that it will not "shut off his breath." After he has 
gaiaed sufficient confldence the tube is removed from his mouth and 
a simple spring nose^lip applied to his nose. When he is sure he can 
breathe through his mouth alone without difliculty the mouth-piece 
is replaced in his mouth. He is then instructed how to deliver a sample 
on command and without altering his normal respirations. The 
sampling tube is then attached to the side-arm of the stop-cock. The 
operator stands at the right of the bed supporting the tube with his 
left hand, with his r^ht on the handle of the stop-cock. When he 
feels that the breathing is normal and regular be tries to accustom him- 
self to its rhythm, so that he may give the signal at the right moment. 
The signal is given and the stop-cock turned at the same moment. At 
the end of the forced expiration the cock is turned to the outside air 
again before the subject has had time to gasp for breath. The operator 
soon learns to know whether there has been a subjective error in the 
technique on his own part or that of the patient. 

From an inexperienced subject we are accustomed to take several 
specimens. Although some of the first will occasionally be obviously 
too low, it is generally possible to get good agreement on the third or 
fourth attempt in even the most obtuse subject, as may be seen in 
tables 1 and 2. In a total of 48 observations on 25 patients, invotvii^ 
the collection and analysis of 127 samples, all but four patients gave 
<fuplicate samples that varied by 0.4 per cent or less, an accuracy that 
compares favorably with that found in trained subjects. Patients with 
cardiac dyspnea proved no exception to this rule. Three of the four 
patients (A. R,, J, J. F. and D. W.) who gave unsatisfactory results 
on the basis of this criterion, exhibited Cheyne-Stokes breathii^. The 
fourth (P. 0. S.) was very iU, somewhat irrational and showed a slight 
reflpiratory irregularity. 

The results obtained by the Haldaue method are in accordance with 
those previously obtained with the Fridericia tube. The values are 
comparatively low and much lower than should be expected from the 
level of plasma bicarbonates. Two obvious criticisms of the method 
might be made: 

1. That the volume of the expiration is too small to clear the patient's 
dead space. 
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5.57 
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0.18 
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0.46 
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TABt£ l—CoRttaiei 
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-l-S."" 


.■^A™";. 


™^oIr'"' 


tZ^n 




lw«~t 






mm. 


J. P., nonnal 


S.88 
5.62 

5.3S 
5.20 


0.26 
0.15 


0.26 
0.16 


40. S 
37.5 


Capt., nonnal \ 


6.24 
6.31 


0.07 


0.07 


44.4 


W. S. M., normal \ 


4.70 
4.82 


0.12 


0.12 


34.8 


P. K., gastric neurosis 


8.88 
5.61 
6.86 


0.25 


0.26 


41.2 


Jno.K., diabetes mellitUB.. 


4.24 
4.19 
4.35 

4.07 
4.06 

4.02 


0.16 
0.05 


0.16 
0.06 


30.1 
28.4 


C. P., pernicious anemia. . . 


3.98 
3.91 
4.02 


0.11 


0.11 


28.2 




4.94 
5.U 

4.7ft 


0.32 


0.32 


34.7 



* Values in parenthesis in this and the following table have been discarded for 
the most part on the basis of internal evidence, only. 

2. That the low values are produced by subjective errors; preliminary 
forced inspirations or gasping at the end of expiration. 

To rule these out we attached the Haldane tube to a Tissot spirom- 
eter which was equipped with a cahbrated recording device which 
will be described later. By this means we were enabled to obtain a 
graphic record of the respiration during the entire time that the stop- 
cock was turned, and could at the same time measure the volume of the 
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45,5 11,3 

30.2 2.9 Aortic regurgitation with hy|>crtcnsion. 

Dyspnea and orthopnea with Cheyne- 
Stokea breathing. Slightly irrational. 
Great variations largely due to inade- 
quate cooperation. Low values elim- 
inated by graphic records. Dyspnea 
probably due to acidosis and not to 
cardiac disease 

52.3 12.2 Extreme decompensation, dyspnea, oi^ 

thopnea, and Cheyne-Stokes breathing 

44.8 ' 12.7 Moderate hyperpnea, some cyanosis. 
Slight edema. Lungs clear. No suh- 
1 j jective dyspnea 
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J. J. F., chronic 
cardiac 

D. W., cardione- 
phritie 
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cardiac 

J. B., chronic car- 
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TABLES 

lUUUion of aUitolar COi to volume of expirMitm 



J. C, chronic cardiac compensated.. 



W W., chronic c&rdiac decompensated.. 



B. W., chronic cardiac compensated . . 



J. D. B., chronic cardiac decompensated. . 



A. B., cardionephritic. Periodic breathing.. 



D. W.,* cardionephritic. Periodic breathing.. 



■XrilATIOH C6l 

6.00 
S.33 

S.37 
fi.38 



758 


6.10 


6S1 


6.22 


616 


6.S2 


1081 


4.51 


1290 


4.62 


758 


4.64 


086 


4.34 


605 


3.96 


535 


4.23 


430 


4.78 


505 


4.21 


(758 


3.08) 


677 


4.07 


(629 


3.22) 



* See figure 2. 

expiration. Table 3 shows the values obtained from six experiments 
done in this way. From the first five experiments it is evident that the 
expiratory volume is sufficient to clear completely any but an enor- 
mously increased dead space. If the dead space were increased to this 
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degree, however, the alveolar COi-teusion should vary with the expi- 
ratory volume. This relatioD does not obtain. In cmly one instance, 
the second observation on R. W., is any such relation even su^ested, 
and in this case the total variation is only 0.23 per cent. 

In none of these cases is there any indication in the graphic records 
of inspiratory activity during the time that the stop-cock was open. 
That the method is capable of showing such subjective errors is demon- 
strated in the record of D. W. (fig. 2). This patient presented symp- 
toms of uremia with Cheyne-Stokes respiration. His tracings show 
that the low values obtained from the first and third samples were due 



D.W^ 



~ \ 952e ,:. 3.52 % 



-^752o.c. (3.O87:) 



\571 cc. 4.07X 

-^6E9c.o. (3.Z2/.) 

Fi?. 2 

to inspirations while the valve was open and before the samples had 
been withdrawn. The discrepancy in the two remaining values seems 
to depend on the fact that one was obtained during an apneic, the other 
during a dyspneic period. 

The low alveolar COj is not due to subjective errors on the part of 
the patient nor to any considerable increase in the voliune of the dead 
space. 

The alveolar COi after rebreathing. One of the most striking char- 
acteristics of decompensated cardiac patients is the intolerance to an 
increase of COi in the inspired air (14). 
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It has been shown by Haldane (15) and others that when a person 
lebreathes air the alveolar COi-tension and the ventilation increase as 
the COi in the inspired air rises. When the alveolar COr-tension has 
risen to a certain point the patient becomes extremely dyspneic and 
uncomfortable. This we may call the point of intolerance to COi. 
If the alveolar COi be low in cardiac dyspnea at rest it seems reasonable 
to suppose that it should also be relatively low after rebreathing to the 
point of intolerance. 

For the rebreathing experiments a 100-liter Tissot spirometer, ac- 
curately balanced and caUbrated at all levels, was employed. To 
separate the inspired from the expired air a two-way T-valve of the 
Douglas type was used. Between the mouth piece and this T-valve 
was interposed the three-way brass stop-cock described above. The 
opening with the side-arm was, as usual, fitted to a long, wide-bore rub- 
Ijcr tube for the collection of alveolar specimens. The other arm was 
connected with the T-valve, (The total instrumental dead space was 
about 50 cc.) In this way it was possible to collect specimens of alveolar 
air during the course of a rebreathing experiment by merely turning 
the stop-cock during expiration and directing the patient to breathe 
out forcibly. The inspiratory air was withdrawn from the spirometer 
through the opening in the top usually employed for the insertion of 
the thermometer. Samples of the inspiratory air were drawn from 
this tube near the T-valve through a small rubber side arm. Graphic 
records of the respirations were obtained by means of a pen attached 
to the counter-weight of the spirometer. As it moved in a vertical 
plane only, direct calibration was possible. Simultaneous time records 
were obtained. The apparatus is represented diagrammatically in 
figures. 

The spirometer was filled with 20 liters of room air for each experi- 
ment. A larger amount was found to prolong the experiment unduly 
and to introduce a considerable element of fatigue. Smaller amounts 
rendered the succession of events too rapid to permit the introduction 
of all the necessary procedures and accurate analysis of the results 
obtained. 

The minute volume attained in the rebreathing experiments was 
calculated from the average tidal air and the respiratory rate during 
the last half-minute of the experiment, except in one or two cases where 
the limit of tolerance was reached so rapidly that it was necessary to 
use a shorter terminal period for purposes of calculation. Of course, 
assuming that the minute volume increases continuously throughout 
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Fig. 3. A, mouth-piece; B, 3-way stop-cock; C, Douglass valve; F, inepintory 
tube; 6, eitpir&tory tube; E, counterweight of spirometer; D, recording pen; H, 
Haidftne tube; a, BMnpling tube for alveolar air; i, sampling tube for inapiiatory 
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the course of the experiment, the values obtained in this way must 
be somewhat too low. On the other band, the respirations never be- 
come absolutely regular, and calculations based on too small a niuuber 
will be subject to considerable error. In rebreathing bo large a volume 
as 20 liters the respiratory increase is sufficiently gradual to permit 
the use of the last half-minute, in the majority of instances, with the 
introduction of no significant error. 

After a satisfactory determination of the resting alveolar COi and 
minute volume had been made, a rebreathing experiment was begun. 
The patient was urged to continue as long as he felt able. When he 
had reached the limit of tolerance the valve of the three-way stop-cock 
was opened to the Haldane tube during an expiration. The patient 
was told to breathe out forcibly and the valve was again closed before 
the following inspiration. The patient was at once disconnected from 
the apparatus and the alveolar sample removed for analysis. The 
second operator at the same time removed a sample from the inspiratory 
tube. 

Of course, the cotirdination and cooperation of the subject were 
necessary and there were opportunities for mistakes. Altogether eleven 
successful experiments were made on two normal subjects; one out of 
two was successful in a patient with a gastric neurosis; one in shell 
shock; three in two compensated cardiacs; and five out of seven 
attempted in four patients with cardiac decompensation. The results 
appear in summarized form in table 4. 

A very striking diSerence is apparent at once between the decompen- 
sated cardiac cases and the others. The former were unable to tolerate 
as much C0» in the inspired air and their alveolar COi did not rise to 
as h^h a level. This was due to no lack of will power on the part of 
the cardiacs because in one or two cases they continued rebreathing 
to the point of exhaustion, while none of the compensated subjects 
went beyond a state of moderate discomfort. The alveolar COi at 
the point of intolerance is therefore lower in decompensated cardiacs 
than it is in normal persons. 

With the exception of A. J., the shell shock patient, the height of the 
alveolar COi at which intolerance was reached bore a general relation 
to the preliminary alveolar COr-tension. In this one case the low rest- 
ing alveolar COj was due to over-ventilation. This waa clearly shown 
by the fact that his initial reaction to rebreathing was a reduction of 
the minute-volume, instead of an increase. 
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TABLE* 
The effect of rebreathing on Ihe afoeolor COj 



lEUpiratoTy Alvcolkr 



7.98 
7.27 
7.05 



Nonnal adult. 'Coatinuedrebreath- 
ing to point of considerable dis- 
comfort 

To discomfort 
To discomfort 
To sliRht discomfort 
To slight discomfort 

Normal adutt. To considerable dis* 

comfort 
To extreme discomfort 
To discomfort 
To considerable discomfort 



Gastric n 
To moderate discomfort. No ex- 
Chronic cardiac valvular disease, 

compensated 
Rebreathed to point of moderate dis- 
comfort 

Chronic cardiac. Compensated. 
Continued rebreathing to point 
of considerable discomfort 

Shell shock with effort syndrome. 
To moderate discomfort only 

Chronic cardiac, valvular disease, 
compensated while at rest. Re- 
breathed to point of considerable 
discomfort with some exhaustion 



hronic cardiac valvular dieeaee. 
Moderate dyspnea while at rest. 
In the first two experiments con- 
tinued only to mild discomfort. 
In the last experiment consider- 
able discomfort. Somewhat ex- 
hausted 
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TABLE J-CoiKluiW 



„„..... 


aiCTINO 


ATEHI>OrHIB»ATH- 






'tEfsr 


A.^ 




9. Job. C... 

10. C. D...J 

11. D. O. C./ 


5.93 

5.00 
4.57 

4.17 


3,88 

2.13 
2.80 

2.94 
2.63 


perctTU 

6.68 
5.10 
5.72 


Cardio-nephritic with cardiac d&- 
dyapnea and hyperpnea, Con- 

diBcomtort. Somewhat exhausted 

Chronic cardiac, Talvular disease 
with marked decompensation. 

exhaustion 

Chronic cardiac, valvular dieeam 
with decompensation. Continued 
rebreathing to point of discomfort 
with some exhauBtion 



In cardiac dyspnea, then, the alveolar COj is low at the point of 
intolerance. The relation of the alveolar COi at this point to the rating 
alveolar COj is Bimilar to that found in normal persons. This is further 
evidence that the air in the lungs in cardiac dyspnea really presents a 
diminished CCVtension. 

THE PLE8CH METHOD 

Modifications of the Pleach method of obtaining samples of alveolar 
air have been employed extensively in cardiac disease and other patho- 
It^cal conditions by numerous workers. Both Forges (2) and Peabody 
(3) used it for their studies on cardiac dyspnea. With this method, the 
subject rebreathes a limited volume of air, usually 600 to 1000 cc- a 
number of times, usually from 5 to 10, in a period of time usually be- 
tween 20 iwid 30 seconds, which is supposed to be less than the duration 
of a single complete circulation of the blood. With normal restii^ 
subjects it gives values that lie a httle higher than those obtained by 
the Haldane method and is assumed to represent the tension of COi 
in the venous blood. 

Usually the rate and depth of the respirations and the duration of 
rebreathing can be varied within rather wide limits with only a slight 
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variation in the analyses obtained. Thia m^ht reasonably be expected 
even if the theoretical basis of the method were entirely wrong. It 
has been shown that in normal subjects at rest, lung voli^ne, carbon 
dioxid output, arterial COr-tenaion and venous COj-tension vary within 
narrow limits absolutely and in relation to one another. 

The assumption that such an empirical method is equally applicable 
to the study of a condition in which all these factors are greatly dis- 
turbed, is hardly justifiable. 

We have made a few observations on normal subjects and on patients 
with cardiac disease (see table 5) in which we tested the effect of varying 

TABLES 

AmhU* 0/ varying time and number of Tetpiraiiont on FUiek-alveolar CO, 





NOBMALS 


I.M.L. 


D,iCO«»rN«»r«D c.BDi*ai 












D. P. B. 


j.p 


{^^!c 


B.I. 


D.O.C. 


W.W 


J.B. 


5 reapirationa in 25 gec- 






















ondB 


J.I- 


i.tt 


5. a 


i-'M 


6.08 


4.4f 


4.85 


5.4] 


4.7( 


s.«- 


4.82 


10 respirations in 25 sec* 
























onds 


*.5; 


>.»7 


5.W 


121 


6.76 


4,6i 


4.92 


5,W 


>.41 


f>.U 


5.53 


5 respiTations in 35 sec- 
























onds 


iM 


}.35 


5.(tt 


S.34 


6.90 






>.»1 


5.(fi 


>,6:; 


5.81 


10 respirations in 36 sec- 


























S.34 


S.41 


5.SM 


6.43 


6.92 


4.70 




6.29 


5.99 


5.50 








Average value 


6.37 


6.10 


5.73 


6.32 


6.87 


4.fl0 


4.80 


5. SB 


5.44 


5.33 


5,17 


Maximum variation 


).3( 


).* 


>,6e 


),21 


0.84 


).22 


>.07 


>.« 


1.2! 


l.flC 


>,09 


Haldane alveolar CO,... . 


&:2> 


>.K- 




a.M 


5.41 


3,8* 


S.72 


3 75 


4,.-^ 


4.11 


4,11 


Difference between 
























Plesch and Haldane... 


1,08 


0.86 




0.71 


1.28 


0.74 


1.17 


1.99 


1. 10 


1.22 


1.06 



the time and rate of rebraathing within certain limits. The time limits 
chosen were 25 and 35 seconds; the number of breaths 5 and 10. The 
apparatus used was essentially the same as that recommended by 
Peabody (16): a three-way brass stop-cock described above, which 
connected the subject either with the outside air or a rebreathing bag 
containing 1000 cc. of room air. The bore of the valve and tubing 
was 1.75 cm., the instnmaental dead space, including the rubber mouth- 
piece, 30 cc, Rebreathing was always begun after a forced expiration 
and the patient was directed to make a maximum respiratory effort 
with each breath. 
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In the case of J. P. the total difference obtained within the limits 
of variation of time and number of respirations employed was 0.21 
per cent. In D. P. B. the differences were greater: from 0.36 to 0.66 
per cent. Moreover, in one experiment on the latter (no. Ill) it appears 
that the dm^tion of the experiment has less influence than the number 
of respirations. In the cardiac patients studied the differences were 
slightly larger, in one case 1.29 per cent. Again variations in the 
number of respirations appear almost as important as variations in 
time. One would be rather at a loss to know which values to accept 
under these conditions. 

Of course 35 seconds and 10 breaths are both in excess of the limits 
usually employed. The objection may be raised that we have not 
limited the element of time and the number of breaths sufficiently. 
To us it seems essential to determine whether limitation of experimental 
factors produces an equivalent limitation of variation in all subjects. 
One is not justified in producing an apparent constancy in results by 
. an arbitrary limitation of experimental variations. 

THE HENDERSON-LAUBENS METHOD 

Y. Henderson (12) has recently published a method for the deter- 
mination of the venous COi-tension. It does not differ in principle 
from previous methods, but demands lees effort and intelligenee on the 
part of the subject and is therefore more applicable to clinical studies. 
It depends on the principle of intermittent rebreathing. Laurens (17) 
has pointed out that it is necessary to regard certain precautions in 
rebreathing because diffusion of COt is more perfect during respiratory 
motions than it is while the chest is motionless. Our technic has been 
modified, therefore, to meet his requirements. 

The apparatus used was the same as that employed in the Plesch 
studies. The rebreathii^ bag was filled with about 2000 cc. of expi- 
ratory air. In most cases a second observation was made in which the 
bag was filled with a mixture of air with 6.5 to 10 per cent COj. While 
the patient was breathing room air quietly through the valve, he was 
ordered to give a maximum expiration. When bis lui^ were com- 
pletely deflated the stop-cock was turned. He then filled his limgs with 
a mixture from the bag by a deep inspiration, retained the air in his 
lungs about 10 seconds and expired into the bag forcibly. The stop- 
cook was then turned to the room again and he resumed normal respi- 
rations. After a sufficient interval to permit the respirations to return 
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to normal the game procedure was repeated. After each respiration 
the mixture in the bag was tested for COj. The rebreathing was con- 
tinued until analyses after successive respirations showed that the COj- 
tension had reached a practically constant level. In normal subjects 
this level is reached after about 7 rebreathings and the level attained 
in rebreathing expired air and COj rich mixtures is the same. 

The results of these studies are shown in table 6. Npt all of the 
experiments are entirely satisfactory; but a more or less constant level 
is reached in cardiac subjects as well as in normals. 

There is a surprisingly close agreement between the venous alveolar 
values obtained by the Henderson-Laurens method and the average 
of the values obtained by the Pleach method. The application of the 
Plesch method, in the simple form usually employed, to the phy8ioI<^c 
study of cardiac disease, seems hardly warrant«d. The limitation of 
the number of respirations and the duration of rebreathing is more or 
leas arbitrary and based on the study of normal subjects only. The 
use of an average value obtained from a series of observations in which 
both time and number of respirations has been varied seems preferable. 
In normal and cardiac subjects values so obtained agree with those 
obtained by at least one other venous method. 

The difference between the Henderson and the Haldane alveolar 
COj ifl greater in subjects with cardiac dyspnea than in normal persons 
or cardiac patients without dyspnea. In spite of this the actual values 
found by the Henderson method in cardiac dyspnea are slightly lower 
than normal. This is again evidence that the carbon dioxide tension 
of the air in the lungs is reduced in cardiac dyspnea. 

It is not possible to ai^e that the difference between the Henderson 
and the Haldane alveolar C0» represents the difference of COi-tension 
between arterial and venous blood. The Haldane values can not be 
interpreted as a measure of the arterial COj-tension until the criticisms 
of Siebeck have been answered. The only way to answer them is by 
the direct determination of the arterial CCVtension. The objections 
to the application of alveolar methods to the determination of the carbon 
dioxid tension of venous blood are even greater. Christiansen, Douglas 
and Haldane (18) have pointed out that direct determination of the 
venous carbon dioxid tension by these methods is impossible. The 
peculiar effect of oxygen on the carbon dioxid dissociation curve of the 
blood necessitates the introduction of a correction for the oxygen 
unsaturation of venous blood. An averse correction can be applied 
in the case of normal persons without any considerable error. In 
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patients with cardiac decompensation, however, the oxygen imsatu- 
ration of the venous blood is much greater (19) and more variable. 
The use of a standard correction factor may therefore involve consider- 
able error. 

SUMMARY AND CONCLUSIONS 

The Haldane method of obtaining alveolar air has been employed 
in the study of a series of cardiac patients with dyspnea with no greater 
variation in results than is found in studies of trained normal subjects. 
The carbon dioxid tension of alveolar air thus obtained has been found 
consistently low in comparison with the carbon dioxid capacity , of 
venous plasma. The comparatively low values are not due to technical 
or subjective errors nor to any considerable increase in the volume of 
the dead space. The patient with cardiac decompensation maintains 
his alveolar COj at a lower level than does the normal and the level 
to which he will permit it to rise under the influence of rebreathing is 
proportionately reduced. 

The Plesch method gives variable results according to the number 
of respirations and the duration of rebreathing. If, however, an average 
of a series of observations in which these factors have been varied is 
employed the results agree with those given by the Henderson method 
for venous alveolar COj. The values found by these methods are some- 
what lower in decompensated cardiac subjects than in normal persons; 
but are high in relation to the values given by the Haldane method. 

No attempt has been made to translate alveolar COr-tension into 
terms of arterial or venous COi-tension. The alveolar air has been 
considered entirely from a functional standpoint as that portion of the 
air in the lungs which is available for the exchange of gases between the 
blood in the pulmonary circulation and the outside air. If the term 
"alveolar air" is used in this sense, it may be said that the alveolar 
COr-tension of subjects with cardiac dyspnea is low in comparison with 
the carbon dioxid capacity of the plasma. As the latter is variable, 
but seldom abnormally iagh, the alveolar CO»-tension is usually not 
only relatively but absolutely diminished. 
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That the vital capacity of the lunga is reduced during cardiac decom- 
pensation is a well-established fact (1), (2), A few experiments have 
been conducted to find out whether this reduction is associated with a 
change in the total air containing space of the tungs and to ascertain 
the effect of such a change on the functional efficiency of the respiratory 
mechanism. 



The problem has been approached in two distinct ways : o, by the 
application of the Lundsgaard (3) method for measuring the lung volume 
by rebreathing oxygen; b, by a study of the effect of continuous re- 
breathing of air on the volume of the tidal air and the comparison of 
the latter with the vital capacity. 

The lung volume of a few normal and pathological cases was measured 
by the Lundsgaard (3) method of rebreathing oxygen. A graphic 
record of the preliminary respirations and the vital capacity was ob- 
tained with a TisBot spirometer by means of a combination of valves 
similar to that used for rebreathing experiments and described in the 
preceding paper (4). A rebreathing bag containing a measured amount 
of oxygen was attached in place of the Haldane tube. In all cases the 
subject commenced rebreathing from the position of complete expira^ 
tion. The volume of the residual air was calculated from the gas 
mixture in the bag at the end of the observation. The volume of the 
vital capacity was obtained from the graphic record. The values 
thus obtained were compared with those obt^ned by the Lundsgaard 
(3) method of chest measurement. 
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The apparatus and method employed in the rebreathii^ experi- 
ments were described in the firat paper of thia series (4). By a study 
of the tidal air of normal subjects and cardiac patients after the con- 
tinuous rebreathing of air from a spirometer, we hoped to gain some 
information on the effect of the reduction of vital capacity on the func- 
tional efficiency of the respiratory mechanism. 



The results of the lung volume determinations- are collected In the 
first three columns of table 1. In each case the normal liu^ volume, as 
calculated by the Lundsgaard (3) method of chest measurement is 
reported first, in italics. Below it appear the values obtained from the 
rebreathing experiments. In the fourth, fifth and sixth columns are 
given the conditions of the experiments: the voluide of oxygen taken 
in the rebreathing bag; the number of respirations and the duration 
of the rebreathing. 

The first two subjects were normal. The third had chronic cardiac 
valvular disease without decompensation. His vital capacity, residual 
air and lung volume were almost normal. Number 4, at the first 
observation, in the absence of dyspnea, showed only a slight reduc- 
tion of the vital capacity. Three weeks later, with a recurrence of 
dyspnea, his vital capacity was found to be only half as large. His 
residual air was not far from normal. Unfortunately his residual air 
was not determined at the time of the first observation. 

Number 5, A. R., had hypertensive nephritis with some edema and 
signs of uremia: drowsiness and Cheyne-Stokes breathing. He showed 
DO considerable hyperpnea, although his plasma bicarbonate was 
reduced. His chest was entirely clear. His vital capacity was very 
amall but his residual air practically normal. 

The last three were decompensated patients with dyspnea and showed 
very low vital capacities. The volume of the residual air was also 
considerably below normal in the last two. With the exception of the 
last patient, who had a massive hydrothorax, the physical signs found 
in the chest were insignificant in comparison with the diminution of 
lung volume. 

These results indicate that, in patients with cardiac dyspnea, the 
total volume of air in the lungs which can be detected by the usual 
methods is considerably leas than that found in normal persons. The 
lat^est part of the reduction in lung volume is due to a diminution of 
the vital capacity. The residual air is unchanged or slightly reduced. 
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The resists of the rebreathing experimentfl are given in table 2. 
The subjects are arranged from above downward according to the mag- 
nitude of their vital capacities, which appear in column 1. In column 
2 is given the normal vital capacity as calculated from the Lund^aard 
(3) chest measurements. In column 3 is shown the average resting 
tidal air and in column 4 the tidal aii at the end of a rebreathing experi- 

TABLE 2 

Vital capacity and tidal air 







OALCDLiT- 








K.««.«. 


— - 


LCBB^ 


t"d*I'm> 


BRBiTHIBO 


"■*'""""' "" "-*"" 


1. D. P. B... 


4537 


3332' 


580 


2407 


Normal 


2. J. P 


3853 


3704 


372 


1929 


Normal 


3. T. deC... 


383e 






1249 


Cardiac. Compensated 


4. P. K 


3503 




371 


1192 


Gastric neurosis 


5. A, J 


2729 




389 


980 




6. J.B 


2519 




737 


1236 


Cardiac. Slight dyspnea and 

hyperpnea 


7. J.C 


2432 


2980 


421 






8. J. A 


2430 


2930 


439 


Ills 




9. CD 


2145 




315 


581 


Cardiac. Severe decompen- 
sation 


10. J. M. L... 


1789 




390 


1309 


Cardiac. No dyspnea nor hy* 
perpnea 


11. A. R 


178B 


3640 


604 




Nephritic. Mildacidoaifl 


12. R. W 


1714 


3930 


244 




Cardiac. Some dyspnea 


13. J. J. F.... 


1704 




304 




Cardio-nephritic. Mild acid- 


14. W.W 


1452 


4698 


469 




Cardiac. Some dyspnea 


15. D. 0. C. 


130a 


3540 


423 


638 


Cardiac. Marked dyspnea 


16. S. I 


1248 




375 




Cardiac. Severe dyspnea 


17. J. M 


1197 




475 




Cardiac. Extreme cyanosis. 
Some dyspnea 


18. Jos. C... 


1182 




385 


492 


Cardiac. Marked dy^mea 



* See note, table 1. 

ment. The last we have called the "maxiaium tidal air" because it 
is the largest respiratory volume which the subject will exchange under 
the influence of the strongest r^piratory stimulus that can be applied, 
carbon dioxid. 

Peabody (5) found the averse resting tidal air slightly reduced in 
cardiac dyapnea. This our figures do not show. If such a reduction 
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ezietfl it is small in proportion to the enormous reduction found in the 
vital capacity. 

The maxiniuin tidal air, on the other hand, varies almost directly 
irith the vital capacity and the ratio between the two shows the same 
rffiige of variation in cardiac patients with dyspnea as in normals (0.35 
to 0.56). Number 10 is the only exception to this rule. In his case 
the "maximum tidal air" was very lai^ in proportion to the vital 
capacity. It was noted in the course of the experiment on this patient 
that he could not be induced to exert himself to the full extent of his 
strength when he blew into the Bpirometer. The low vital capacity, 
in this instance, may be only an expression of lack of effort on the part 
of the patient. This was completely overcome under the stimulus of 
cfurbon dioxid and he showed a normal "maximum tidal air," although 
he did not continue rebreathiug to the point of exhaustion. 

In the case of the decompensated cardiac patients, however, there 
was no lack of effort apparent during the determination of the vital 
cf^iacity. Moreover, two of them continued rebreathing to the point 
of extreme exhaustion. The reduction of the "maximum tidal air" 
and the vital capacity may be a functional matter, due to reflex inhibi- 
tion. If so, this inhibition is ao profound that it can not be overcome 
by the strongest stimulus which can be applied. The increase in the 
tidal air which normally occurs in response to the stimulus of carbon 
dioxid is limited by the lowered vital capacity. 

DISCUSSION 

Siefoeok (1), in 1912, measured the lung volume in a series of cardiac 
patients by a rebreathing method. Hia studies showed that in-cardiac 
dyspnea the residual air was relatively increased, although the absolute 
values be obtained seem -to have been lower than normal. The reserve 
air and the complementary air were both decreased. These results 
are substantially the same as ours. However, Siebeck regarded them 
as questionable because he was unable to obtain the same constancy 
in his rebreathed mixtures in cardiac patients as in normals. In the 
latter the concentration of hydrogen in the rebreathii^ bag became 
constant after 5 respirations. In subjects with cardiac dyspnea the 
concentration continued to change even after 10 respirations. This 
Siebeck considered to be due to improper diffusion of air in the lungs. 
He concluded that the actual volume of residual air was greater than 
that indicated by the rebreathing methods. 
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As Sonne (6) has shown, the residual air can be measured with only 
an approximate degree of accuracy even in the normal person. Whether 
Siebeck is right in believing that the amount of air present is greater 
than that found, we are unwilling to ai^ue. In two or three cases the 
number of respirations, the time and the volume of air rebreathed were 
varied without significant changes in the values obtained. This does 
not agree with Siebeck's GndiogB. But any air that may be present 
and undet«cted must be peculiarly useless for respiratory purposes. 
A functional conception of the lungs is of more value than a purely 
anatomical one. In a normal person residual air determinations may 
be considered as measurements of the volume of air space in the fully 
defiated lungs, which is available for the rapid diffusion of gases. In 
this sense, certainly, the residual air is not increased in cardiac dyspnea. 
Since the vital capacity is decreased the effective volume of the lungs 
must be diminished. 

Whether this diminution is due to a true anatomical lesion or not, 
we are unprepared to say. In some instances hydrothorax plays a part, 
but it is by no means an essential part. This we may assume not 
only because of the absence of physical signs of fluid, but also because 
of the rapidity with which the vital capacity increftses as compensation 
is established (7). 

Just what effect such a diminution of the limg volume may have on 
the gas exchange must be largely a matter of speculation until the cause 
of the diminution is determined. If it is not due to a true anatomical 
lesion it is quite possible that some or all of the blood in the pulmonary 
vessels is not in gaseous equilibrium with the alveolar air. This mi^t,- 
in part at least, explain the discrepancy between the alveolar CO, and 
the COi-combining capacity of the plasma. 

This discrepancy Pearce (8) has attributed entirely to the effect of 
stasis in the general circulation. He has drawn a fine distinction be- 
tween the causes of the low alveolar COr-teosion in congenital heart 
disease, pneumonia and acquired heart disease. In congenital heart 
disease part of the venous blood does not pass through the lungs, and 
in consequence is given no opportunity to rid itself of the COi which 
it has received from the tissues. In consequence the arterial blood is 
a mixture of aSrated and unaSrated blood. If there were no compen- 
satory reaction a true cturbon dioxid acidosis would occur. The respir- 
atory mechanism, however, responds to the stimulus of the carbon 
dioxid. The alveolar COr-tension and the CCVtension of the blood 
which does pass through the pulmoniuy circulation is reduced suffi- 
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ciently to restore the COr-tension and hydrogen-ion concentration of 
the arterial blood to normal. 

In patients with pneumonia in whom PeaTce found the same dis- 
crepancy between the alveolar CCVtension and the plasma bicar- 
bonates, he advances a similar explanation. In this case, althotigh all 
the blood passes through the pulmonary circulation, he supposes that 
part of the blood passes through non-abated portions of the lun|^. 
On what seems to us insufficient evidence, he denies the possibility 
of such a condition in acquired cardiac disease. But certainly the 
reduction of the effective lung volume renders it not only possible, but 
not improbable. E^ven if Siebeck is right and this diminution is not 
due to a decrease in the actual air-containing space in the lungs, a 
certain part of this air must be unavailable for the rapid diftusion of 
gases and that portion of blood in the pulmonary circulation which 
comes in contact with this air must be less effectively ventilated than 
normal. 

That the blood flow is retarded in decompensated cardiac disease is 
probable in the light of Harrop's (d) observation of an increase in the 
difference of the oxygen content of arterial and venous blood. 

That this is the sole factor in the production of the low alveolar COt 
remains to be proved. It is doubtful whether the method of Christian- 
sen, Douglas and Haldane (10), which was employed by Pearce for the 
determination of the rate of blood flow, can be interpreted quantitatively 
in cardiac dyspnea. In this method it is assumed that the COr-tension 
of the alveolar air is the same as that of the arterial blood. That such 
a relation obtains in cardiac dyspnea demands definite proof. The use 
of respiratory methods that are designed to determine the venous C(V 
tension is also open to question when applied to conditions in which 
the venous oxygen unsaturation is excessive. Christiansen, Douglas 
and Haldane showed that the effect of oxygen on the carbon dioxid 
dissociation curve necessitated the introduction of a correction for the 
oxygen unsaturation even in normal persons. The extent of this cor- 
rection in cardiacs can only be guessed. 

Although the effect of the small effective lung volume on the exchange 
of gases between the blood and the alveolar air remains largely a matter 
of speculation, its effect on the mechanics of respiration is fairly clear. 
Here we have to deal only with the vital capacity, the portion of the 
lung volume available for ventilation of the lungs. 

Apparently the reduction of vital capacity which occurs during 
cardiac dyspnea has httle effect in limiting the respiratory exchange 
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during rest. The volume of the resting tidal air is not diminished. 
On the other hand, the amount by which the tidal air can increase 
under the stimulus of carbon dioxid seems to be distinctly limited by 
the reduction of the vital capacity. The reserve of the mechanical 
apparatus of respiration is therefore greatly diminished. 

CONCLUSIONS 

1. In cardiac patients with dyspnea no evidence of an increased 
residual air was obtained by the Luudsgaard method. 

2. As the vital capacity is diminished, this means that the effective 
lung volume, the volume of air in the lungs available for the exchange 
of gases, is diminished. 

3. The maximum volume of tidal air attained under the stimulus of 
continuous rebreathing is lower than normal in cardiac dyspnea. The 
reduction in the maximal tidal air bears a close relation to the reduc- 
tion in vita] capacity. 
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In the previous papers of this series (1), (2) it has been shon-n that 
the 'effective lung voliune is decreased during the dyspnea of cardiac 
decompensation. The alveolar COi tension, as determined by the 
Haldane method, is usually low wid always lower than the concentra- 
tion of the bicarbonate in the venous plasma would indicate. We have 
shown that the air obtained by Haldane's method is probably true 
alveolar or exchange air. In this paper we shall present evidence to 
substantiate this contention and shall discuss the influence of a low 
alveolar COj tension and of a diminished lung volume upon the effective 
ventilation in relation to the dyspnea of heart disease. 

Peabody, Wentworth and Barker (3) find that, although the level 
of metaboUsm is normal or only moderately increased during cardiac 
decompensation, the minute volume of respiration is much greater 
than in normal individuals. The increase is accomplished by a more 
rapid respiratory rate with a moderate diminution in the volume of 
each expiration. The percentage of COt in the expired air is diminished. 

Peabody reci^nizes that the greater observed minute volume may 
represent no increase in the amount of effective air breathed. The 
tidal air consists of two parts. The dead space, which fills the upper 
respiratory tract is practically atmospheric air and is of no value in the 
ventilation of the functioning portions of the limgs. It is only the 
remainder of an expiration, the exchange air, which is effective for 
purposes of respiration. In any given expiration, the relative propor- 
tion of dead space to exchange air will determine the efficiency of 
ventilation. If, as Peabody asBumes, the volume of the dead space 
is not changed during decompensation while the volume of tidal air 
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is diminished, the amount of effective fur in each expiration will be 
diminished. 

It is possible to arrive at a rough estimate of the efEective minute 
volume Viy subtracting an average dead space value from the volume 
of the tidal air and multiplying the remainder by the respiratory rate. 
Different observers, Haldane and Priestley (4), Krogh and Lindhard 
(5) and Pearce (6), have found the volume of the dead space in normal 
resting subjects to vary between 100 and 200 cc. with an average of 
about 130 cc. Since there ie no evidence that the dead space is changed 
in cardiac dyspnea and experiments reported in a previous paper (1) 
indicate that it cannot be greatly above the normal values, 130 cc- 
has been used as the average volume of the dead space for purposes 
of calculation. 

To determine the effective ventilation, we made a considerable 
number of observations on the minute volume of normal individuals 
and of compensated and decompensated cardiacs. The method did 
not differ from that of Peabody except that a nose clip and rubber 
mouthpiece were substituted for the Siebe Gorman mask. The instru- 
mental dead space waa 30 cc. The expiratory air was collected in an 
accurately balanced Tiaaot spirometer for periods varying from five 
to ten minutes, the volume of expiration and the number of respirations 
being recorded for each minute. Volumes were reduced to standard 
conditions of 760 mm. Hg. and O'C. To these observations we applied 
the following formula: 

(Tidal Air' - 160') Respiratory Rate = EfEective Minute Volume 

The results are tabulated in table 1. 

For the purpose of comparing our results with those of Peabody 
we have calculated the effective minute volume from his figures. The 
dead space of the Siebe Gorman mask which he used has been estimated 
at about 50 gc. Averages of the results are given in table 2. 

The results of the two experiments are in practical ^reement. In 
the decompensated cases, the minute volume of respiration is greater 
and the respiratory rate is increased. The volume of the tidal air is 
sometimes slightly diminished but this is by no means invariable aa 
is shown by the large tidal air of J. B. and J. D. B. (table 1). The 
effective minute volume is much greater during decompensation. 

It might be argued that the increase in effective ventilation is due 
to the higher level of metabolism and the consequent increase in CO* 

' To the average dead space of the individual has been added the inatnuneDtal 
dead space of 30 oc. 
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production which is observed in many dyspneic cardiac patients. That 
this is not true can be demonstrated by calculations from Peabody's 
figures (table 3). 

Figures for surface area show that the average size of the patients 
in the two groupe is practically identical. Differences either in the 
production of COi or in the efEective ventilation cannot be due to dis- 
crepancies in size. The COi production per minute is only 5.1 per 
cent greater in the decompensated cases. The volume of effective air 
breathed per minute is 30.3 per cent h^her than in the cases without 
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dyspnea. Only a small part of the increase in effective ventilation 
can be accounted for by a greater COi production. 

Furthenuore, since the dyspneic cardiac breathes a much greater 
amount of COi, each volume of his eSFective or alveolar air must 
contain a smaller percentage of COt- 



,yGooglc 



BEBPIBATOBT HECHANIBH Df CABDIAC DT6PMEA 





TABIXt 








"•c^SSS" 


inboimNunit 




5,m 

466 
13.2 
3,fi30 




Tidal &ir (oc.) .. 








EfleotiTe minute rolume (ce.) 


4,eoo 



and the percentage of COt in the eipired »ir. 

TABLE-r 


- 








1,72 
IM 
3,530 






206 











It is posaible to show more directly the probability of a reduced 
alveolar COi tension. In the jo^t deftcribing their method of obtain- 
ing alveolar air, Haldaue and Prieetley (4) indicated a meana of deter- 
mining the volume of the dead space. The data necessary for the 
calculation were the volume of an expiration, the percental of COt 
in the expired air and the percentage of COt in the alveolar air. These 
vere combined in the foUowiog formula: 

Formvla I 
„, , . . Tidal air X per cent CO, in expired air „ , 



Per cent COi in alveolar a 



By a simple inversioA of their formula, the percentage of COi in 
the alveolar air can be deduced. 



Pormida II 
I X per cent CO, in expired 



Tidal air — Dead space 



— Per cent COi in alveolar air 



Both of these formulae were applied to observationa on a number 
of normal individuals and on cardiacs in varying degrees of decompen- 
sation. Minute volume determinations were made as in the previous 
exi)enments. At the close of an observation, the air was thoroughly 
mixed in the spirometer and a sample was taken for analysis. Haldane 
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samples of alveolar air were taken before and after the minute voIUma 
detemtinations. A specimen of blood was drawn from an arm Ve&i 
for determination of the bicarbonates in the plaema. The results 
obtained from the plasma were converted into terms of percentile Of 
alveolar COj according to the method of Van Slyke (7). - 

In formula II, average dead space values were employed for -the 
calculation of the probable percentage of COj in alveolar air. ■ The 
results are recorded in table 4 (column 6). They a^ree closely with 
the results of direct observation by the Haldane method (coluAm'7} 
and consequently in the decompensated cardiac Ue far below the value 
indicatedby the plasma (columns). ■■ ■ ■ ■' 

In formula I, the observed alveolar COi per cent and the percehtage 
indicated by the plasma have been applied to calculate tbe-probi^lo 
dead space. Substitution of the observed values give volumes of dead 
space which are within the range of normal (column 9) while substitu- 
tion of percentages indicated by the plasma give decidedly improbable 
results (column 10). 

Formula II has also been applied to Peabody's figures. Averagea 
are given in table 5. 
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* Average dead space of 130 ac. to which is added the extra dead space of GO 
cc, the capacity of the Siebe Gorman mask. , 

Both in Peabody's figures and in ours, the percentage of COi in the 
alveolar air is lower during decompensation. 

DISCUSSION 

In this series of papers the question of the concentration of COt 
in alveolar air during cardiac decompensation has been approached 
from several angles. Of the direct methods, that of Haldane whi(^ 
has been found applicable to dyspneic patients gives values for alveolar 
C0| percentage much lower than it does in normal individuals. Dupli- 
cate samples, however, show quite as close agreement in dyepn^o 
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cardiacs as in trained normal subjects. ELtperimentB have shown that 
the low content is not due to subjective errors nor to an increaaed dead 
^>ace. After breathing increasing percentages of COj, the alveolar 
COt percentage of dyspneic cardiacs is still relatively lower than it is 
in normal individuals under the same circumstances. The percentage, 
moreover, is not increased by increasing the depth of expiration. An 
expiration of maximum depth contains no greater concentration of CX^ 
than does one of a volume just sufficient to clear the dead space. 
Whether the specimen of air obtained by the Haldane method is from 
the alveoh or from other portions of the lungs is not of great importance 
in the present discussion. Whatever the anatomical source of the 
sample may be, it is the only air which by the greatest effort the de- 
compensated cardiac can expire. It is the only air which can be func- 
tionally effective in the elimination of COi from the body. If this is 
true the COj contained in this air should complet^y accomit for the 
total COt elimination. In this paper it has been shown by the use of 
Haldane's dead space formula that the percentage of COi found in the 
Haldane specimen is the percentage theoretically required to account 
for the COt eliminated. 

The accumulated evidence, both direct and circumstantial, indicates 
that the percentage of COt is low in the effective air of dyspneic cardiac 
subjects. The cause of this important phenomenon is not clearly 
understood. Its chief importance in the present discussion hes in its 
effect upon the ventilation in cardiac disease. 

A low percentage of Cd in the effective air necessitates a larger 
effective ventilation to accomplish COt elimination. Even when the 
metabolism is normal, the decompensated cardiac exhibits hyperpnea. 
As long as he lies quietly in bed, this usually involves an increase in 
the rate of respiration with little or no change in the volume of each 
respiration. Under these circumstances the low effective limg volume, 
which is the constant accompaniment of decompensation, is not a 
factor of great importance in the causation of dyspnea. It probably 
exerts a greater influence during conditions involving a greater pro- 
duction of COt. 

Concerning the mechanism of ventilation during exercise, we have 
accumulated no. direct evidence. A good indication of the response 
is furnished, however, by experiments upon the rebreathing of COi- . 
Under these circumstances the cardiac is subjected to a most powerful 
stimulus to respiration. The mechanism should, by analogy, be similar 
to that occurring during exercise or any other condition involving a 
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rapid production of COi within the body. It has been shown th&t 
the cardiac maintains a relatively low alveolar COj percentage during 
rebreathing. To accompliBh this he must breathe a larger volume 'of 
effective air. Under the stimulus of COt, the voliune of the tidal ^ 
increases both in cardiacs and in normal individuals. The increase, 
however, is in proportion to the vital capacity. In both groups the 
tidal air reaches a maximum at one-third to one-half of the volume of 
the vital capacity. Thus, a normal individual with an original vi1^ 
capacity of 4000 cc. may show under the stimulus of COt & tidal air of 
1500 to 2000 cc. In a decompensated cardiac whose vital capacity may 
be only 1500 cc. the tidal air will not rise above 500 to 750 cc. with 
maximum COi stimulation. The volume of respiration is strictly 
limited. Any attempt to increase it is accompanied by marked sub- 
jective dyspnea. 

Two factors in cardiac disease help to explain the dyspnea which is 
its most coj^ant subjective ^mptom. The low percentage of COt 
in the effective air makes an increase in ventilation essential. The 
diminished effective lung volume makes any large increase difScult 
or impossible. The first is active under all conditions while the cardiac 
is decompensated. The second exerts its chief influence tvhen the 
production of C0» in the body is increased. 

CONCLUSIONS 

1. Air obtained from decompensated cardiacs by the Haldane alveo- 
lar method is true exchange air. It corresponds to the alveolar air 

' obtained by the same method in normal resting subjects. It is the 
only air effective for the elimination of COi. 

2. During cardiac dyspnea, the bicarbonate content of the plasma 
gives DO indication of the percentage of COi in the exchange air. 

3. The minute volume of effective or exchange air is increased during 
cardiac decompensation. 

4. This is not explained by the higher level of metabolism. 

5. The greater effective ventilation is necessitated by the low con- 
centration of COi in the exchai^e air. 

6. Great increases in ventilation are impossible because of the di- 
minished effective lung volume of decompensated cardiacs. 
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Iq a previous report (1) attention has been directed to the pcukilo- 
thenaous condition that follows the removal of the cerebral hemispheree 
and thalamus in biids and mammals. In an attempt to discover the 
causes tA this coDditi<Hi it was suggested that possibly a general fall 
of arterial blood pressure with resulting cutaueous dilatation of the 
blood vessels might be an essential factor. To test this point a method 
was devised for measuring the arterial pressure in the pigeon and studies 
of the blood pressure made before and after reduction to the cold- 
blooded condition. These tests did not give the anticipated results 
but led to the discovery that the removal of the cerebral hemispheres, 
which alone does not reduce the bird to the cold-blooded condition, 
leads to a permanent sUght fall in arterial tension. The plan of the 
work was therefore extended to a study of the ariierial pressure in the 
nonnal pigeon, the normal variations, effects of various procedures on 
the normal pressure, and then, the effect of various types of brain 
Fesions on the arterial pressure. 

Asber (2) in his review of the vasomotor mechauism, in 1902 wrote; 
"There are no known facts which indicate iits presence of vaacnnotor 
centers in the parts of the brain above the medulla oblongata. The 
higher cerebral centers influence the vasomotor tone exclusively in a 
reflex manner through the medullary vasomotor center." This inter- 
pretatitm is based on the original experiments of Ludwig's students, 
Dittmar and Owsjannikow. These classic experiments in 1872 and 
1873 demonstrated the locaUzation of the vasoconstrictor centers in 
the floor of the fourth ventricle. 

Since then innumerable studies have demonstrated that reflex influ- 
ences from the cerebral hemispheres above and the spinal nerves below 
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may play on thia center. (literature cited by Sachs.) It has beccnne 
Gommon knowledge that loes of the cerebral hemisphereB does not necea- 
sarily disturb the arterial pressure in acute experiments. It therefore 
came somewhat as a surprise to find that in a series of decerebrate 
birds, kept for several weeks or months after removal of the cerebrum, 
the arterial pressure was uniformly lower than in normal birds. 

' Porter showed in 1907 that in curarized rabbits and cats removal of 
the cerebral hemispheres in acute experiments leads to a profound 
fall in the blood pressure without depression of the reflex excitability 
of the vasomotor center. 

If a blood pressure tracing be made on a dog before and after decere- 
bration by Sherrington's method, it is frequently found that the pressure 
is somewhat less after decerebration than before. The comphcations 
however of the muscular rigidity that follows, render difficult the 
interpretation of the effects of the operation on the vasomotor center. 

All these experiments are acute traumatic experiments subject to 
aJl the uncertainties of shock effects. In the birds many of these 
difficulties can be obviated, for they can be kept aUve easily, for an 
indefinite time after the operation, and spastic paralytic phenomena 
are wholly lacking pronded the hemispheres only are removed. In 
the pigeon therefore we have a warm-blooded animal which easily 
withstands the shock of cerebral ablation, lives indefinitely thereafter, 
and in which the permanent effects on the blood pressure can be studied. 

There was the further inducement that the pigeon in comparison 
with the mammals combines a relatively low type of cerebral develop- 
ment with the warm-blooded condition and it was hoped that some 
light would be thrown on the nature of the nervous mechanism of heat 
regulation in its earlier development. 

Methods. The measurements of arterial pressure were at first made 
in the ordinary way of cannula and mercury manometer. It was soon 
found that a more convenient and just as reliable method was furnished 
by substituting a hypodermic needle for the cannula and this method 
was used in all the work here reported. All measurements have been 
made on the brachial artery using a hypodermic needle, sise 19 or 20 
with a bore of about 1 mm. diameter. This furnishes a tube which 
when inserted into the artery slightly stretches it and fits tightly enough 
to allow no escape of Uood. (In very large birds it may be necessary 
to use a lai^r needle.) This was connected to an ordinary small size 
mercury manometer made of glass tubing 4 mm. in diameter, with 
stiff-walled rubber tubing. In order to avoid any errors due to possible 
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mechanical effects of friction or differences in level between the bird 
and the level of the mercury, the manometer' was set in a fixed position 
with the level of the mercury in the plane of the tip of the breast muscles 
when the bird was fastened on its back. The same manometer, two 
needles of the same size, and the same size and length of rubber con- 
nections, were used throughout the series. Hence any mecbanicsl 
errors will be nearly uniform throughout the comparative serieB of 
pressure determinations. Clotting of the blood was prevented by 
using 7 per cent sodium citrate throughout the apparatus. A lesser 
concentration was not always satisfactory, but with citrate solution 
of this concentration the tracing can be continued indefinitely through 
all variations of blood pressure of zero to 200 mm. When the needle 
was removed from the artery the blood vessel was doubly ligated. This 
causes no apparent trouble to the bird, so the collateral circulation must 
be extensive. In only one case did gai^rene follow the ligation and in 
this case the ligature involved both brachial artery and vein. All 
readings were made with the birds under ether anesthesia'; no other 
drugs were used in this study. This introduced, of course, the effects 
of the anesthetic added to that of the cerebral lesion. No other method 
however seemed available for it is important that there be no struggles 
by the animal as these will promptly change the level of the arterial 
pressure. In order to check these variations due to the action of the 
anesthetic the routine procedure was adopted of etherizing the bird, 
putting it on its back with wings spread and the needle inserted in 
the artery. The pressure was then raised in the manometer to a value 
a httie -less than the anticipated pressure. Some care was necessary 
here not to exceed the arterial pressure and thereby kill the bird by 
forcing citrate into the circulation. This happened twice in the series 
of experiments. The arterial pressure was then recorded for all depths 
of anesthesia, varying from light to deep, using rigidity as an index 
■ of light, and abolition of the corneal reflex as index of deep anesthesia. 
The readings of pressure given in the tables are, therefore, those of the 
extreme variations under anesthesia, but not including variations due 
to strug^es of the animal. In many cases the pressure maintained 
a nearly constant level and only one figure is given in such cases. 

In order to determine whether or not there were errors due to pos- 
sible differences in size of the arteries of the two wings, readings were 
made on a series of birds comparing specifically the pressures in each 
of the two brachial arteries, in the same bird, allowing intervals of 
several days between determinations, during which time the birds 
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were kept confined in the ca^es used throughout the aeries of eicperi- 
ments. These readings (table 5) agree closely. Of course in the case 
of specific anatomical anomalies such a comparison would be of no 
value. One such case has been seen, namely, a double instead of a 
angle brachial artery. In a series of determinations however this 

TABLE 1 

ArUHal prtgiure in normal pigeon* 





AMMlhtiia 


Parialion* 




>.D>cu>or>-iaH>H 


A>rMiiLrsu*cm> 


HDUBH or riecoH 


A>rEauLi«E«t>t 




••«■. 




' IHIII. 


4 


122-l«j 


190 


104-114 




114-118 


188 


94-120 




ilft-118 


158 


XlO-130 




160-160 


166 


164-176 




122-132 


178 


92-140 


183 


108-143 


161 


78-130 


170 


136 


163 


108-116 


172 


lOa-118 


162 


106-108 


171 


136 


179 


122-160 




116 


169 


100-110 


177 


96-108 


193 


96-98 


181 


92-108 


193 


96-102 




126-162 


194 


122-140 


186 


116 


194 


106-124 


1« 


134-176 


195 


110-148 


182 


92-118 


196 


104-128 


184 


88-128 


159 


150-m 


183 


86-112 




104-120 


186 


lOa-118 


168 


122-144 


187 


90-110 







Averftge pieaaure, 118 mm. 

Average limits of TsriatiouB, 109-130 mm. 

The figure 109 is the ftverage of all the lower of the two readingB given for the 
majority of the animals. Similarly 130 is the average of the higher readiog given. 
The figure 118 is the average of these extremes combined with the single figure 
given for several birds. 

factor is neutralized in the averages given, and by the consideration 
that the arteries of both wings were used indiscriminately throughout 
the series of determinations. 

Normal blood pressure. The average arterial blood pressure in the 
brachial artery under ether anesthesia of thirty-nine normal adult 
pigeons was found to be 118 mm. (table 1). The extreme limits for 
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all stages of anesthesia were 78 to 176 mm. The average limits for 
the series are 109 to 130 mm. (fig. 1). 



Fig. 1. Art«ti&l preeaure in normal pigeons, ether aneatheBia, A : Light uies- 
tbesia: ji-x more ether given so as to put bird in astateof deep anesthesia. TinM 
in one minute intervals B: Traube-Hering waves in pigeon under light anes- 
thesia. Time in 30 second interrals. 

Note: All figutes of blood pressure are reduced one-half, except figure 3, nhich 
is reduced one-third. A true scale for measuring pressure in these tracings is 
given in figure 4. 

Mechanical stimulation of the brachial nerves, ammonia to the 
noetrils, and asphyxia, produced the usual types of vasomotor responses. 
The effects of these procedures are given in table 2 and figures 2 and 3. 
Electric stimulation of these nerves was not employed. Mechanical 
stimulation of the nerves by pinching with forceps or traction caused 
brisk changes in arterial pressure, both pressor and depressor effects. 
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■A lowering of blood pressure by cardiac inhibition seemed particularly 
easily elicited by traction of the brachial nerves. Traube-Hering waves 
of pressure have been frequently observed as also have been the shorter 
respiratory waves (fig. 1, B). 

TABLE ! 

Variations of arlerial ■prttvare in normal pigeoni 







■Altai: OF v»M 


.T,o™„„«C 


!■ IN DrCBD BT 














FBEMOIIB 


Hechuucftlgtimu- 
lation brubul 


no»lril.(ri«»in 


..iffiiife 




Mm. 


HH. 


■noi. 


mwi. 




110 


14 




24 




130 




34 






110 




40 




163 


125 


30 






1S8 


120 


60 


16 


24 


169 


105 


22 


22 




178 


116 


12 






179 


140 


S 


26 


22 


156 


164 


16 


16 




170 


UO 




32 





• This includes both pressor aod depressor effects. 

TABLE S 
EffecU of slight hemorrhage on arterial preetwe 





'lost 


.>r»^P.».u» 




B«for«blM<Ulw 


lOmimitMKfMrblied- 


169 
173 
155 


2 


150-170 

110 
130-150 


126-128 
102-118 
134-148 



The removal of small amounts of blood leads to a fall followed by 
quick recovery (table 3). Thus the loss of 1 to 2 cc. of blood in the 
normal pigeon leads to a fall quickly followed by compensatory changes 
, which bring the pressure back to normal. The loss of 5 cc. of blood 
causes much more profound effects but in ten minutes the blood pressure 
has again reached the average level although below the previous level 
in the same bird (pigeon 159, table 3). 
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Fig. 2. Blood preaeure, Dormal pigeons. ^4; I, mecb&nical Btimulation of 
brachial nerves; t, ammonia vapors to nostrils. B: Deeper aneathesia than in 
A. 1, mechanical stimulation of brachial nerves; B, ammonia to noBtrils; V, 

vomiting. 



Fig. 3. Blood pressure, normal pigeon. Depressor effects following mechani- 
cal stimulation of brachial nerves. 
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The effect on blood pressure of deprivation of food — but aot water — 
was tested on four birds. These birds were starved for four to e^t 
days. At the end of that time the arterial pressure was normal in 
three of the birds and shghtly lowered in one of them (table 4). The 
effects of confinement were tested by comparing the pressures of three 
birds which had been in the laboratory cages for over a year. The 
average pressure of these birds (six determinatiouB, table 5) was 115 
mm; compared with the average pressure of 1 18 mm. 

TABLE 4 

Influence of starvation on arterial prwure. Cerebrum iniaet 







ARTIBIAI. PBnaUIB 


















itf 


mm. 


■nn. 


183 


7 


8»-112 


80^ 


184 


7 


104-114 


120-122 


182 


8 


90-108 


96-ge 


161 


4 


116-136 


120-126 



TABLE S 

Comparative preeaare dtterminationt in the tteo brachial arteriea of the tame bird* 
{bird* kmie been in laboratory caget for one year) 



NDSBCm OF PIOEOK 


^"^"^""^ 


..-TTW.™ 


.^w«. 


!93 
IH 

105 


3 
3 
3 


96-98 
122-140 
104-128 


96-103 
106-124 
110-148 



Average pressure in theae birds, 116 mm. 

By this series of determinationfi of arterial pressure on thirty-nine 
normal adult pigeons the average pressure has been determined, the 
normal variations noted, and the effects of such factors as anesthesia, 
starvation and the routine reflexes observed. Preliminary to the 
production of cerebral lesions it was important to note whether or not 
the loss of the small amount of blood necessary to the operation would 
alter the level of the arterial pressure. As noted in table 3, the loss 
of 2 cc. of blood is so quickly compensated for as to justify the con- 
clusion that if in operating not more than 2 cc. is lost the normal level 
of arterial pressure is maintained. 
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Effects <4 deeerebroHon. A description of the varying conditions 
that follow the removal of the bemiapheres or bemispberea and tbalmnus, 
or partial lesions of both, has been ^ven elsewhere (7). It will suffice 
here to state that the classic {ucture of decerebrate behavior in the 
IHgeon is obtained only if the thalamus be not traumatised m the process 
of decerebrating (8), (9). Thalamic injury is associated with temper- 
ature disturbances, with the behavior of the animal varying as its body 
temperature changes. The technique of decerebration is therefore 
important in a comparative series of studies on the rdle of these two 
parts of the brain. The general anatomy of this re^on of the brain 
is described in a previous paper (1). In decerebrating the upper part 
of the skull above the cerebral hemispheres was removed taking care 
not to puncture the dura mater. After a httle practice this is easily 
done. A bridge of bone over the very small longitudinal sinus was 
left intact so as to diminish bleeding and to serve as a support for the 
skin after removal of the brain substance. The dura was then cut 
longitudinally and reflected, the anterior cerebral arteries were cauter- 
ized and the hemispheres removed in toto. In this way the operation 
can be completed with the loss of less than 1 cc. of blood. If more 
than 2 cc. of blood was lost in operating it is indicated in the history 
of the animals. If the thalamus was to be destroyed, this was done 
with an electro-cautery, after removal of the hemispheres. The 
autopsy findings in the brain with histologic description of the parts 
of the brain remaining after recovery from this type of injury have 
been described in the preceding report to which reference has been 
made (7). 

It is common knowledge that the removal of the hemispheres some- 
times leads to a slight immediate fall in blood pressure which has been 
attributed to shock, hemorrhage, mechanical stimulation, etc. The 
same effect is true of the pigeon. In order to avoid th&se acute effects, 
the birds have been kept for time intervals of one week to four months 
after decerebration before the arterial pressure was measured (table 
6 and fig. 4). These studies have been carried out on fifteen pigeons, 
allowing time intervals for recovery from any acute shock effects. 
In ten of these birds the arterial pressure was measured before decere- 
bration; in five this was not done. For the latter animals some indi- 
cation of the change in pressure may be gathered by comparing with 
the average normal arterial pressure value given above. 

The average pressure after decerebration, thalamus being left intact, 
allowing three to seventy-five days for recovery, in fifteen pigeons, was 
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found to be 99 nun., in comparison with the average pressure in thirty- 
nine normal pigeons, of 118 mm. This reduction seems to be uniform 
and constant, and continues for months after loss of the hemispheres. 
It is not due to loss of blood at the time of decerebration for the amount 
of blood lost was so shght that compensation quickly occurs in the 
normal animal. It is not due to failure of compensation in the decere- 



NDMBM 




.„,««..«»..« 






TIHB FOn^ 


Beton 


After 


BEMtUa 






tiOD 








J.I» 


«m. 


mm. 




179 


5 


120 


102 


Much bleeding at time of operation 


178 


5 


120-144 


120 




156 


5 


164-176 


06-112 


Good condition 


158 


8 


108-128 


96-110 


Good condition 


168 


16 


118-124 


92-120 


Good condition 


106 


75 




96-lOB 


Good condition 


1S5 


3 


126-136 


96-98 




166 


16 


120-122 


104-114 


Good condition 


167 


6 


116-124 


96-102 


Good condition 


U2 


16 


82-98 


90-95 


Good condition 


162 


3 


104^108 


88-94 


Good condition 


lfi7 


5 




80-84 




116 


11 




86-90 


Good condition ■ 




21 




96 


Good condition 




6 




87 


Good condition 



• The words " time for recovery" indicate the time interval elapeing between 
the removal of the cerebral hemispheres and the final blood pressure determina- 
tions. The words "good condition" indicate that the bird exhibited no skeletal 
muscle inco5rdination, body temperature was normal, feathers fluffed in the 
characteristic decerebrate manner and the bird exhibited decerebrate testless- 
nese. Any variation from these characteristic effects usually indicate thalamic 
or medullary disturbances or incomplete decerebration. 

brated bird, for when pressure tracings were made allowing the blood 
to force the mercury from the zero level, it rises to the level of arterial 
pressure as quickly in the operated birds as in the normal ones. (Com- 
pare figs. 5 and 8 A.) With decerebration plus thalamic lesions, slower 
compensation may be a factor (see below). This fall in pressure is 
not due to mere disturbances of food supply for, as tested in normal 
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birds (table 4), complete starvation for periods of three to eight daya 
did not cause greater variations in pressure than the normal anesthesia 
variations. It might be due to one or more of the foUowii^ factors. 



Fig. 4. Blood pressure, pigeon 162: A: before, and B: eight days after removal 
of the cerebral hemispheres. Thal&mus intact and body temperature normal. 
Time in 30 second intervals. B: x, ammonia to noBtrila; 6, mechanical stimula- 
tion of brachial nerves. 



Fig. 5. Blood pressure, pigeon 15S, eight days after decerebration. A: anuno- 
nia to nostrils; X: mechanical stimulation of brachial nerves, repeated three 
times. There was no preliminary increase in pressure in manometer before mak- 
ing this tracing, so the mercury was forced up from the sero line wholly by the 
arterial pressure. 

First, metabolic depression following loss of the hemispheres associated 
with decreased activity of the animal; or second, loss of a tonic activity 
of the hemispheres on the vasoconstrictor centers ; or possibly due to 
depressed skeletal muscle tone with resulting capillary dilatation. 
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In order to test the first of these poaeibilitiee the blood pressure deter- 
minatioDS were nuide on a normal pigeon before and after blinding and 
starvation. Blinding the bird by excision of the eyes brings about a 
condition of quiet and lessened muscular activity that simulates that 
of decerebration. The combination of starvation for four days asso- 
ciated with this inactivity of blindness did not lower the average arterial 
pressure (see table 4, pigeon 164). Of course prolonged starvation 
for a loi^ period of time will alter the pressing, witness pigeon 1S3, 
table 4, and pigeon 188, table 9. Inasmuch as all decerebrate birds 
were fed by hand and kept in as good condition as possible, it seemed 
that one week of absolute starvation would represent as great a meta- 
bolic disturbance as might be induced by loss of the hemispheres. The 
result of this test therefore suggested that the fall in arterial pressure 
is due to the loss of reflex or tonic influences from the cerebrum on some 
part of the blood pressure regulating mechanism. 

In the decerebrate pigeon, thalamus not traiuuatised, the usual types 
of vasomotor reflexes may be elicited by stimulation of sinnal nerves, 
ammonia, etc. (fig. 5). Asphyxia produces the usual rise in pressure. 

Decerebration with deslruetion of the thdlamua. Combined decere- 
bration and thalamic cauterization abolishes the ability to nuuntain 
and regulate the normal body temperature of the |»geon (39° to 41°C.). 
As stated in the introduction, it was thought that possibly this condition 
might be due to a generalized fall in blood pressure. As is evident 
from table 8, this is not the case. If the body temperature of such a 
bird is kept near the normal level by keeping the bird in an incubator 
at 30%. the arterial pressure of such a bird is very near the pressure 
of the warm-blooded decerebrate pigeon. Thus the average values of 
blood pressure, decerebrate pigeons (body temperature normal) and 
decerebrate-thalamic destruction (cold-blooded animals) are as follows: 



,.™ 


-™«c. 


►■■iTDWt 


Jjisr^ii 


Normal 


39 
14 

7 
7 


•c. 

3&-41 
30-41 
34-41 
28-33 
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It is concluflively evident from this table that the loss of temperature 
regulation is not due primarily to a lowered arterial pressure, but that 
the changes of arterial pressure are secondary to the body temperature 
changes. As the body temperature rises or falls the blood pressure 
does likewise (table 8 and fig. 6). To this rule one exception was found, 
pigeon 174. In this animal the pressure did not fall as the body temper- 
atiu*e fell, but acted in an inverse manner. Attempts were made to 
dupUcate this but were unsuccessful. This was a bird in which the 
operation of decerebration was associated with much bleeding. The 
writer IB inclined to attribute the high arterial pressure in this bird 
to a possible intracranial pressure complication or incomplete destruc- 
tion of the thalamus. 



Fig. 6. Blood pressure in pigeon 101. PoikilothennoUB bird; decerebrate and 
thalamus destroyed. A: Bodj temperature of pigeon, SS'C. B: Body temper- 
ature of pigeon, 28°C. x, mechanical stimulation of brachial nerves. 



In the poikilothermous pigeon the vasomotor reflexes vary in intensity 
as the body temperature varies (figs. 6 and 7). Both pressor and de- 
pressor effects were obtained by stimulation of the brachial nerves. 
Aa the body temperature falls the pressor reflexes particularly decrease 
in intensity. The depressor effects seemed to be due t-o cardiac inhibi- 
tion and were present at low body temperatures at which the pressor 
effects were very much reduced (compare figs. 6 and 7). Ammonia to 
the nostrils caused a rise in pressure which is associated with respiratory 
distress. This effect was present at all body temperatures tested (28" 
to 41°C.), but was more sluggish at lower temperatures than at normal 
body temperature (compare figs. 5, 7 and 8). 
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pioi'oi. 


D*TE 




BBCOTEBT 


Tn«x 


FBiuDaa 








iff 


•C. 


■•■. 


191 


June 22 
June 28 
June 28 


Operation 
Blood preasure 
Blood pressure 


6 
6 


39 
35 
28 


03 
58 


178 


March S 
March 14 


Operation 

1p.m. 
6p.in. 


5 
5 


3ft 

36 
28 


102-106 
83-86 


174 


March 5 
March 10 


Operation, much bleeding 
Blood presBure 

2 p.m. 

4 p.m. 

6 p.m. 


5 
5 
6 


40 

34 
31 
29 


121 

124 

124-134 


114 • 


February 7 
February 22 
March 8 
March 13 


Operation 
Blood pressure 
Blood prenure 
Bird dead 


IS 
29 


39 
29 
41 


92 
85 


„3{ 


February 7 
February 20 


OperatioD 
Blood presBura 


13 


3 
28 


92 






Operation 


3 


29 


78 






Operation 


29 


41 


S6 


176 ■ 


March 9 
March 12 
March 13 


Operation 
Blood preasure 
Dead 


3 


39 
29 


76 


r.{ 


March 18 
March 29 


Operation, much bleeding 


11 


3ft 
34 


102-106 


169 


March 1 
March 4 


Blood presBure tracing, fol- 
lowed by operation on 
brain 

Blood pressure 


3 


39 
31 


100-110 

72-76 



Body temperatures of the operated birds fixed by varying the temperatures of 
bird cages. 

Average arterial pressure — body temperature 34r41°C. — was 9ft nun. 
Average arterial pressure— body temperature 28-31 °C,— was 87 mm. 
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Compensation after loss of a small amount of blood occurs more and 
more slowly as the body temperature ia more and more depressed 
(fig. 8). In this figure the pressure in the manometer was at zero 
when the artery was connected with it. The slow rise to the level of 
arterial pressure is in marked contrast to the quick ascent and mun- 
tenance of level in the normal bird. 

Effects of localized lesions. The major part of the cerebral cortex 
had been destroyed by electro-cauterization in three birds a year pre- 



TABLE a 
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vious to the determination of arterial pressure. All of these birds 
gave normal blood pressure values (table 10). 

In one pigeon both occipital poles of the cerebral hemispheres were 
removed and the dorso-median part of the thalamus cauterized without 
severing the forebrain bundles. Four months later the arterial pressure 
in this bird was normal (pigeon 118, table 10). 

In one bird extensive cerebellar traumatism was done a year before 
the blood pressure determination. The bird regained its ability to 
coordinate its muscle activities in the usual way. Blood pressure 
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detenninatitm in this bird showed a lower arterial tension {pigeon 193, 
table 10). At autopsy the bird was found to be tubercular. 

In a series of four birds the right cerebral hemisphere only was 
removed (table 9). After this operation some birds promptly recover 
and in a few days feed themselves in a normal way. The principal 
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obvious disturbance in such an animal is complete bhndness {at least 
temporarily) of the opposite eye. In some cases these birds go into a 
condition resembling complete decerebration {probably due to vascular 
disturbances in the remaining hemisphere). These animals will not 
feed themselves, assume a decerebrate attitude and die of starvation 
unless fed by hand. In this series of four birds two recovered and two 
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died of starvation. The blood preasure readings in the two birds that 
recovered were normal. The combination of hemi-decerebration and 
starvation led to lower blood pressure. 

It was found, therefore, that no localised cerebral or thalamic injury 
led to permanent depression of the arterial pressure. Complete loss 
of either hemispheres, or hemispheres and thalamus, leads to distinct 
arterial depression. 

Artificial sbinadation of cer^tral cortex. Electric stimulation of the 
cortex of the cerebral hemispheres gave a slight rise in blood pressure 
with no movements of the skeletal muscle. Stimulation was done 
under light ether aQesthesia. Stimulation of the thalunus causes a 
Bbarp rise in arterial pressure, but also leads to muscular activity. 
Whether this rise is a true vasomotor reaction or a mechanical one due 
to striated muscle contraction was not determined, but Sachs and others 
have shown that vasomotor reflexes are readily induced by artificial 
stimulation of the thalamic nuclei. 

DiscuseiON 

The results given above lead to the su^estion that the cerebral 
hemispheres exert a continuous tonic activity on the mechanism 
whereby arterial pressure is maintained. Whether this be through 
the vasomotor, skeletal or some other systems individually or combined 
is not determined. Porter's fi pdin gH on curarized decerebrate rabbits 
indicate a tonic action on the vasoconstrictor centers. The relatively 
slight influence of the cerebral hemispheres on the skeletal muscle of 
the pigeon' suggests that in this case lowered blood pressure is also 
due to a loss of vasomotor tone rather than to changes in the skeletal 
muscle. 

The possibility of a depression of arterial pressure due to unknown 
changes in metabolism, after loss of the cerebrum, can not at present 
be excluded. Some evidence has been presented that this alone is not 
sufficient to bring about the vascular changes described, witness the 
' negative effects of starvation, inactivity, etc. These experiments 
however do not conclusively exclude a contributing metabolic factor 

' There are no oortical motor points in the cerebral hemiapheres of the pigeon 
except possibly for the eye (Ferrier). Electric atimuUtion of the exposed cortex 
in the UQancsthetizcd pigeon causes no muscular movements. Removal of the 
hemiapheres likewise leads to no paralysis. These facta suggest that the fall in 
arterial pressure is not due to secondary changes in skeletal muscle. 
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after brain injury. Further studies in metabolism after cerebral lesions 
must be made in spite of the n^^tive results reported by various 
observers. 

However this may be, the inference can not be avoided that any 
functional depression of the cerebral hemispheres should be followed 
by lowered arterial tension. This might be due to sleep, anesthesia 
or destruction (provided there be no increase in intracranial pressure). 
Certainly there are differences in detail of the mechanisms in each case 
but it is notewortJiy that in each case of cerebral depression there is 
lowered arterial pressure. No localized cerebral vasomotor centers 
are postulated. Indeed localized injuries of either hemispheres or 
thalamus caiised no change of arterial pressure. The lowering of 
arterial pressure described follows the loss of lar^e amounts of cerebral 
substance rather than the loss of particular areas of the hemispheres 
or thalamus. To this extent, this report reaffirms for the vasomotor 
mechanism, the old teaching of Flourens that, in the bird, the effects 
of cerebral injury are due not to the loss of local centers but are pro- 
portional to the quantity of brain tissue rendered non-functional. 



A method is described for studying the blood pressure in the pigeon. 

The average pressure in the brachial artery of thirty-nine normid 
adult pigeons, under ether anesthesia, was US nmi. mercury. The 
average limits of variations, due to variations in anesthesia, were 109 
to 130 mm. Pressor and depressor effects oq the blood pressure may 
be readily induced by stimulation of the spinal nerves. Ammonia to 
the nostrils causes a sharp rise in blood pressure. Respiratory waves 
and Traube-Hering waves of blood pressure occur as in mammals. 
The loss of small quantities of blood is quickly followed by compen- 
satory changes bringing the pressure back to normal. 

Starvation for three to seven days does not appreciably alter the 
pressure in normal birds. 

Removal of the cerebral hemispheres in fifteen birds led to a fall of 
the average arterial pressure to 99 mm. (loss of 17 per cent). This 
lowered pressure persisted for time intervals up to four months after 
decerebration and never regained the level before operation. Removal 
of the cerebral hemispheres and thalamus leads to a similar or greater 
fall in arterial pressure varyii^ as the body temperature varies. The 
greater the fall in body temperature, the greater the depression of the 
arterial pressure. 
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The poikilotbennous conditio^ in the bird, following excision of the 
thalamus, is not primarily due to lowered arterial pressure. 

In the pigeon rendered poikilothermous by combined decerebration 
and destruction of the thalamus, the vasomotor responses to mechanical 
stimulation of spinal nerves, ammonia to the nostrils, and compensatory 
recovery of pressure after slight hemorrhages, are all depressed or take 
place more slowly, varying with the depression of body temperature. 

The arterial pressure is not appreciably disturbed by removal of a 
single cerebral hemisphere, localized lesions of both hemispheres, or 
localized thalamic lesion {without cerebral destruction) provided these 
injuries are not associated with starvation. 

These experiments suggest that the cerebral hemispheres and thala- 
mus exert a continuous tonic stimulating action on the subcortical 
blood pressure regulating mechanism. This action is not one of local- 
ized cerebral centers but varies according to the amount of brain 
substance destroyed, rather than the particular area destroyed. 
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The accuracy with which the metabolism of cold-blooded animals 
can be regulated through the temperature was one of the reasons for 
the attempt to produce diabetes in them at the outset of this investi- 
gation. When the production of a satisfactory type of diabetes proved 
impossible, the research was thrown back entirely upon mammalian 
experiments, where the disturbing factors are greater. Some obser- 
vations were made concerning the effects of fever and of external cold. 

No discussion of the literature will be undertaken, beyond reference 
to a review (1) of the earlier literature, and a more recent paper by 
Freund and Marchand (2), which show that elevation of body temper- 
ature is generally accompanied by elevation of blood sugar, but terminal 
collapse may be accompanied by hypoglycemia; the rise of body temper- 
ature in itself tends to increase sugar tolerance, and lowered tolerance 
or glycosuria are attributable to intoxication or sometimes to pancreatic 
damage. Infections are known to be one of the worst agencies in 
aggravating human diabetes. The effect of aseptic elevation of temper- 
ature seems not to have been tested. It was desired in the present re- 
search to compare several forms of infectious and non-infectious fever 
in their influence upon partially depancreatized dogs. The only results 
actually permitted by circiunstances consisted in records of a number 
of animals which acquired chance infections, and one research concern- 
ing the gas bacillus. The observations will be classified accordit^ to 
the site of the infections. 

ire published in the American Journal of 
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Distemper. For thie purpose canine distemper is closely comparable 
to human tuberculosis. Diabetes plainly increases the susceptibility 
of dogs and stiU more of puppies to this infection, in the sense that they 
both acquire it sjid succumb to it more easily. . Tuberculosia seriously 
lowers the food tolerance and increases the tendency to glycosuria 
and hyperglycemia in human patients even in the earlier nonJebrile 
stages, and this effect becomes still greater in the febrile stage. lo 
numerous observations in dogs coverii^ all stages of distemper and all 
degrees of diabetic tendency, precisely the opposite effect has been 
found. It is true that distemper is characterized by early failure of 
appetite and digestion. The resulting emaciation constitutes a very 
radical undernutrition treatment, and a similarity thus exists to Joslin's 
frequently quoted Case R (3), in which the emaciation of tuberculosis 
on a regulated diabetic diet evidently improved the assimilation. But 
the iafection has been observed in dogs with definitely known tolerance, 
which continued for some time to take a diet close to the limits of 
tolerance. There have been other examples such as dog C3-77, 1 year 
old, weighing 10.5 kilos, and subjected on April 13, 1916, to the removal 
of all but j-i to i^j of the pancress (estimated remnant 1 gram).' Glyco- 
suria began immediately and by April 17 had reached 2.9 per cent, fast^ 
ing. It then ceased as the first s^s of distemper appeared in the form 
of conjunctivitis. The dog refused food and wasted away in the usual 
manner till killed on May 7, at a weight of 6.3 kilos. The pancreas 
remnant weighed 1.35 grams. The islands showed very slight vacuo- 
lation in a few cells, such as m^ht persist from the initial glycosuria, 
but far less than would result from 3, weeks of active diabetes. The 
remnant was so small and the diabetic tendency so strong that sugar- 
freedom on fasting would have been impossible if the infection had 
introduced any aggravation, but the result seemed to be identical with 
that in a non-inf ^ted animal. 

Pneumonia. Dog B2-18, after removal of if of the pancreas on 
December 2, developed moderate glycosuria on diets containing carbo- 
hydrate, in a cold environment. December 6 the dog was found t-o be 
unwell and febrile, but continued to eat the diet through the illness to 
December 9, and the glycosuria continued unchanged. Death occurred 
from double pneumonia on December 13. The autopsy urine contained 
1.65 per cent sugar. The vacuolation in the pancreatic islands was 
similar to that of non-infected dogs at the same stage. 

• All operations were performed under ether &aeHthesU. 
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Dog C3-73 similarly underwent operation leaving iV to tV of the 
pancreas on April 3, and died of pneumonia on April IS. The final 
urine on April 17 contained heavy sugar, but death was apparently 
preceded by anuria. 

D(^ D4-72 was left with a remnant of i to i^j of the pancreas on 
January 12, and died of pneumonia on January 19. The appetite 
continued and the glycosuria was not appreciably changed with the 
onset of fever. Nothing was eaten after January 17, The autopsy 
urine still contained a trace of sugar. There was thus a diminution 
resembling the effect of ordinary fasting, not the great increase which 
usually accompanies infection in any severe human case. 

Cat Al-93 was left with a remnant of ^ to 5 of the pancreas on January 
21, and died of pneumonia on January 26. Because of refusal of food, 
there was only a transitory trace of glycosuria, a^ would be the case 
in a non-infected cat fasting after such an operation. 

Other examples might be given in which infection failed to cause 
glycosuria when the removal of pancreatic tissue was not quite sufficient 
to produce it in a non-iofected animal, and still others in which extreme 
prostration prevented glycosuria which must otherwise have occurred. 
In no instance was any evidence of aggravation of diabetes seen. 

Pleurisy. Dog B2-22 had been used in another department for 
collection of leukocytes by intrapleural injections, and on December 
8, TB of the pancreas was removed without knowledge of the existence 
of a large purulent pleurisy. Fever, malaise and other symptoms were 
found after the operation. The dog ate small quantities of bread and 
milk on December 9 and 10, and glycosuria of 2 to 3 per cent contmued 
to December 12. Death occurred with sugar-free urine on December 
13. 

SvhaUaneoua abscesses. In connection with subcutaneous injections 
and other procedures a considerable number of abscess^ have been 
observed in d<^s with various degrees of diabetic tendency. The 
infections themselves have been of varying magnitude, from small 
collections causii^ no systemic symptoms to lai^ ones accompanied 
by depression, anorexia and fever above 105°F. The organisms present 
were sometimes identified as staphylococci, streptococci or mixed 
bacilli. The same rule held as above, namely, that glycosuria might 
cease with fasting and prostration, or in less extreme cases m^ht con- 
tinue unchanged, but a marked aggravation such as is familiar in human 
cases was never seen. 
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Infected glands. Dog D4-92 on February 5, 1917, was subjected to 
removal of all but } to i of the pancreas. Bread and soup were eaten on 
February 8, and 100 grams glucose added on February 9, still without 
glycosuria. Thereaft'er nothing was eaten and remarkable symptoms 
of confusion and ataxia appeared, increasii^ on February 12 to general 
convulsions and suggesting rabies. The dog was chloroformed on 
February 13, and the brain examination was negative for meningitis 
or Negri bodies. The autopsy otherwise was negative except for a 
little creamy pus found oozing from between the pectoral muscles, 
leading to caseous-appearing glands in and about both axillae. The - 
type or origin of the infection was not determined. Glycosuria 
remained absent. 

Rabies. Several partially depancreatized dogs died of rabies. One 
of these was dog B2-02, which, as previously mentioned (4), had been 
carefully studied and was known to have latent diabetes. No glycosuria 
resulted in any instance. The negative results were of interest in a 
condition attended with such prouoimced nervous excitation, and in 
which convulsions may give rise to very marked hypei^lycemia (5). 

General peritonilis. This naturally involves cessation of glycosuria 
in moat cases because of fasting and prostration. With sufficiently 
large experience, examples arc encountered which indicate that the 
infection in itself does not alter the glycosuria. Some such were de- 
scribed previously (6), and the following have been observed since. 

Dog B2-13 . November 24, 1913, removal of tJ o( pancreas. There was glyco- 
suria of 0.2S per cent in 60 cc, of urine following operation, and 0.2 per cent in 330 
cc. after eating 190 grama meat on November 27. Otherwise there was fasting and 
freedom from glycosuria up to death from peritonitis on November 29. 

Dog B2-21. December 4, 1913, partial pancreatectomy leaving a remnant of 
A to I*!. After bread feeding on December 5, heavy glycosuria began, and con- 
tinued to death from peritonitis on December 11. Bread was eaten daily to 
December 9. The autopsy urine was 100 cc, with 2.85 per cent glucose. The 
pancreatic islands showed the slight vacuolatjon proper to this early stage of 
diabetes. 

Cat Al-82. December 19, 1913, removal of { of pancreas. Tbe cat refused 
food but act«d well and cleaned her fur up to December 22, and died of perito- 
nitis December 23. Glycosuria began with a faint reaction on December 21, rose 
to 2.5 per cent on December 22, and was 4 per cent in the last 55 cc. of urine oa 
December 23. The pancreatic islands showed incipient vacuoiation in a minority 
of cells. 

Cat Al-87. January 8, 1914, removal of 5 of pancreas. There was slight 
continuous glycosuria with verj- little eating from January 9 to death from peri- 
tonitis on January 12. The islands were free from visible vacuoiation, as would 
be expected in a non-infected animal with such brief and mild diabetes. 
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Peritofual and pancreatic abscesses. In addition to previous examples 
(6) , the following may be mentioned. 

Dog D4^. December 21, 1916, an Eck fistula was unauccesBfuUy attempted, 
and some sutures were left on the veins. January 2, 1917, -fa of the pancreas 
was removed. The dog waa lively and immediately developed glycosuria on bread 
feeding. This ceased on January 8, and was restored by addition of 100 grams 
glucose daily. On January 10 emaciation, fever and weakness first became 
noticeable, but the diet was still eaten without change in the heavy glycosuria. 
With a change of diet to 1 kilo of beet lung on January 12 glycosuria immediately 
ceased. Beginning January 14 food was refused, and the dog was killed January 
15, at a weight of 9.8 kilos as opposed to an original 13.5 kilos. A grape-siied 
abscess of creamy pus at the site of the Eck operation was the only discoverable 
cause of death. It had not altered the course of the diabetes from what is the 
rule with non-infected dogs under the same conditions. 

Dog D4-57. December 7, 1916, removal of t of the pancreas. The usual oom- 
plete absence of diabetes was demonstrated thereafter. March 1, 1917, addi- 
tional tissue was removed, possibly sufficient for mild diabetes. Malaise, fever 
and complete refusal of food followed. Glycosuria was absent on March 2, 3 and 
4, but present just before death on March 6 to the extent of 0.8 per cent in ISZ cc. 
of urine. The plasma sugar at this time was 0.625 per cent, COi capacity 60.2 
vol. per cent. Autopsy showed the pancreas remnant to be riddled with small 
abscesses, and though there was no necrosis the infianunatory injury had evi- 
dently brought on'a severe degree of diabetes which would otherwise have been 
lacking. Infection has never been found to produce acetonuria or other evidences 
of acidosis in any animal. 

Dog F6-14 was subjected to removal of about } of the pancreas in three succes- 
sive operations. January 31, 1918, an attempt was made to produce diabetes 
by circulatory stasis of the remnant, as described in a, later paper. Only slight 
and transitory glycosuria resulted on a diet of bread and soUp with 100 grams 
glucose. February 8, operation showed an abscess containing about 5 cc. of 
creamy pus between the pancreas and the duodenum. The cavity was cleaned 
and stasis repeated. Glycosuria was still impossible to maintain, and on March 
9 stasis was applied for a still longer time, no infection beingfound. Glycosuria 
was then continuous up to March 19 on bread diet with 100 grams of glucose, but 
ceased then on plain bread and soup feeding. March 20 the abdomen was again 
opened, and the pancreas was found buried in a large moss of adhesions, which 
when delivered outside and opened was found to contain a very large absoess. 
The pancreas remnant, which in its whole length formed one wall of the abscess, 
wa^ much inflamed but not digested. Nothing was done except the cleaning up 
of the infection, and the tolerance continued exactly as before; i.e., glycosuria 
was absent on bread feeding and present with addition of 100 grams of glucose. 
On April 10 the abdomen was again opened, and a tiny abscess in the omentum 
appeared as the only remains of the previous infection. Stasis was again applied 
to the pancreas remnant, and the dog died within 24 hours, whether from infec- 
tion or from pancreatic intoxication was undetermined. 
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The long history of tlue animal, with alternate presence and absence 
of a low grade infection, seems to prove that in this instfuice the infec- 
tion had no important influence upon the tolerance. 

Other examples of this sort might be given. There wa« particular 
interest in the cases in which diabetes was produced by inflammation 
instead of by simple resection, because of the supposed cloa^ imitation 
of the clinical etiology. It was conceivable that inflamm ation might 
damage the islands in fimction as well as in structure, so as to render 
them more susceptible to toxic influences. The negative results raised 
a question concerning some fundamental diiference between clinical 
and experimental diabetes, or a mere difference of constitutional reaction 
to infection on the part of man and animals. The above general obser- 
vations su£Gced positively to exclude any such marked ae^ravation of 
diabetes in animals as occurs regularly in human cases with the fever 
and intoxication accompanying infection. There remained the need 
of making a more exact test of the tolerance in experimental diabetes 
as influenced by infection, and this opportunity was afforded by the 
experiments with the gas bacillus reported in the next paper. These 
seemed to indicate that the difference between clinical and the experi- 
mental diabetes may be one of degree rather than of kind. 

CONCLUSIONS 

1. The serious f^gravation of diabetes, which occurs almost invari- 
ably in human cases in the form of a strongly increased tendency to 
glycosuria and acidosis, is never seen in dogs. Even when the infection 
is an abscess bordering or invading the pancreatic tissue, no influence 
is evident beyond that explainable by direct injury of parenchyma. 
Thiscontrast between clinical and experimental diabetes is very marked, 
but according to the more exact tolerance tests in the succeeding paper 
it may representa difference of degree rather than of kind. 

2. Infection and fever have also no specific influence in diminishing 
the diabetic tendency of dogs. Care is necessary in interpreting such 
observations, in order not to confuse the direct influence of fever or 
infection with the consequences of fasting or prostration, which tend 
so strongly to suppress glycosuria in dogs. One suggestion of a con- 
stitutional difference between species may be found in the tendency 
of human patients to acidosis and of dogs to cachexia. 

3. The aggravation of human diabetes is a reaction to intoxication 
rather than to fever, as shown by its occurrence in the afebrUe stage 
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of tuberculosis and by other evidence. The present observations cod- 
ceming infectious fever, with the previous ones conceming the pyrexia 
of exercise in dogs, prove that no specific a^ravation of diabetes or 
lowering of tolerance results from the metabolic alteration attendant 
upon elevation of body temperature in experimental animals. 
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In the course of this diabetic research four dogs died of gas bacillus 
infection. Two of these instances were merely post-operative peri- ' 
, tonitis, with the gas bacillus predominating. 

Another was dog Bi5-74, a bulldog mongrel, E^d 5 years, in splendid 
condition, weighing 20.7 kilos. July 3, 1917, two-thirds of the pancreas 
were removed, and moat of the remnant was cut off from duct communi- 
cation.' On July 20, the remnant was subjected to circulatory stasis 
for Ij hours. Glycosuria was present on bread diet with addition of 
150 grams of glucose daily up to July 30, when it ceased, and Ibe dog 
was turned loose in the yard with other dogs on bread diet. The 
behavior meantime was normal. About August 5, swelling in the neck 
became noticeable and the dog was slightly depressed. August 7, the 
swelling was much lar^r, and a deep abscess was opened surgically, 
releasing a considerable quantity of thick bloody pus containing gas 
bubbles. Cultures from some of the necrotic debris gave a pure growth 
of B. aerc^nes capsulatus. Death occurred August 9, after still 
greater invasion of the neck. There was no glycosuria or vacuolation 
of pancreatic islands, though both these conditions might have been 
prevented by the terminal emaciation and cachexia. 

Dog B2— 4:9, a female mongrel aged 3 years, in medium nutrition 
at a weight of 25.4 kilos, underwent partial pancreatectomy on March 
27, 1914, leaving a remnant of i to i about the main duct. As pre- 
viously mentioned (1), prolonged carbohydrate over-feeding was used 
in the attempt to break down tolerance, 300 or 400 grams glucose 

' All operations were perfonned under ether ancBthesia. 
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being added to the diet of bread and soup daily. There was neither 
glycosuria, diarrhea nor any evident ill-health, until the animal was 
unexpectedly found dead on May 9. There were adhesions in the 
right pleura, from supposedly sterile intrapleural injections in another 
department long before the animal was taken for diabetic work, and 
these probably furnished the start of the infection. Gas bacilli were 
found abundantly in smears and cultures from the principal viscera, 
seemii^ly alone. The greatest change was in the spleen, which was ' 
blown up to resemble a lung. The pancreas remnant was normal and 
free from vacuolation. In other words, neither the prolonged si^ar 
feeding nor the infection produced any change in either islands or 
acini in this non-diabetic animal. 

A study of gas bacillus infections was in progress at this time under 
the direction of Dr. Carroll G. Bull. As gas bacillus infections are 
rare in dogs, it was decided to follow up the above accidental obser- 
' vations by experiments upon diabetic dogs with a view to two questions; 
first, whether such animals are abnormally susceptible to such infections 
by reason either of the excess of circulating sugar or a specific diabetic 
lowering of resistance; second, whether an aggravation of the diabetes 
is demonstrable by such infections. The conditions were favorable 
for both problems; for the first problem because the growth of the gaa 
bacillus is notably favored by the presence of sugar, and some test was 
thus afforded of the theory of excess of sugar as the cause of diabetic 
susceptibility to infection; for the second problem because of the proof 
(2) of the production of a soluble toxin by the gas bacillus, so that a 
systemic effect capable of influencing the diabetes might be expected 
from a local infection. Accordingly experiments with intramuscular 
injections of pure cultures of the Welch bacillus were performed upon 
three diabetic dogs. The dosage used was intended to produce the 
maximum possible local effects and general intoxication without exces- 
sive prostration. Still larger doses might have overwhelmed the ani- 
mals suddenly and completely, but would thus have demonstrated 
nothing of value for either bacteriology or diabetes. 

In the first experiment (table 1) glycosuria practically ceased with 
the anorexia accompanying infection on September 12, as usual with 
d(^ and in contrast to the usual a^ravation of symptoms in human 
patients with infection, Nevertheless a lowering of tolerance was shown 
by the heavier glycosuria when the diet was taken on September 13. 
Illness and fasting again resulted in sugar freedom after the injection of 
September 14, but a more marked lowering of tolerance was evident in 
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TABLE 1 

Dog E5-8$. Mftle; Welsh terrier moDgrel; old but strong, in excellent nutri- 
tion; weight 11^ kiloa. August 24, 1917, removal of pancreatic tissue weiring 
18 grams. Remnant about main duct estimated at 1.6 grams (-^'i to fy). T%e 
diabetes was checked by undernutrition and fasting, ho that at the time of the 
experiments the dog weighed 9.5 kiloa and took a bread and aoup diet with very 
alight glycoeuria. 
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the gly{M3suria from meat alone on September 22 and 23, and the heavier 
glycosuria thereafter on the regular bread diet. 

Dog ESSS. Male; mongrel; ^[e 3 or 4 years; good coadition; weight 14 kiloa. 
Augttst 24, 1917, removal of pancreatic tissue weighing 25 gnuna. lUmnaDt 
about main duct estimated at 1.6 gram (i^ to A)- Severe diabetes being thus 
produced, the glycosuria was raised to a maximum by a diet of bread and soup 
with 100 grams of glucose daily. 

September 7, at a weight of 12.6 kilos, 0.25 gram additional pancreatic tissue 
was removed for microscopic examination. 

September 14, at the same weight, 0,1 cc. broth culture of Welch bacillus per 
kilo was injected intraperitoneally, in order to test whether under these condi- 
tions of maximum glycosuria and hyperglycemia infection would be possible. 
The rectal temperature rose within an hour to 39.4°C. After 6 hours it was 
39.5°, and the next morning 39.6°. It then subsided, and after one day of slight 
malaise the dog continued to eat his diet. The glycosuria continued unchanged 
except for a, diminution on the one day of anorexia. 

September 24, an injection of 0.3 cc. of broth culture per kilo was given intra- 
muscularly in one thigh. The usual local and general symptoms occurred in 
intense form. September 29, with very Urge swelling and gas formation present 
in the leg, a blood culture wae taken and proved negative. The dog regained a 
little appetite, taking small amounts of meat and bread daily, but great anemia 
was shown by blood examinations, the corpuscle volume being only 10 to 12 per 
cent. Death occurred October 5. Glycosuria remained heavy throughout, 
including the autopsy urine. The gross autopsy showed no visceral changes sug- 
gestive of gas bacillus invasion. Cultures of blood and tissues were also negative 
for this organism. 

The pancreas remnant, normal in appearance and consistency, weighed 1.7 
grams. Microscopically, the tissue removed August 7 showed a very early stage 
of vacuolation of islands. The remnant at autopsy showed a late stage of the 
process; islands were scarce and small, and the great majority of the cells (proba- 
bly all of the beta celle) were maximally vacuolated. 

In this experiment the production of a general infection with the 
gas bacillus proved impossible notwithstanding the severe diabetes 
and intense glycosuria. The intraperitoneal injection failed entirely. 
The intramuscular injection caused extensive sloughing which destroyed 
most of the musculature of the limb, but death resulted only from the 
immediate and subsequent toxic effects and not from systemic invasion. 

Dog BB-90. Male; mongrel, age 3 or 4 years; medium nutrition; weight 10.25 
kilos. August 24, 1917, removal of pancreatic tissue weighing 20.3 grams. Rem- 
nant about main duct estimated at 1.6 gram (i^ to A). On bread diet there was 
a diminishing glycosuria which ceased Augiist 31, probably because of hypertro- 
phy of the pancreas remnant, which subsequently at autopsy was found to weigh. 
5.4 grams. Beginning September 8 the addition of 100 grams.glccose restored a 
heavy glycosuria, and the tolerance was brought down so as to produce a permo- 
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nent mild diabetes. During October sugar freedom was maintained on a diet 
of 500 grama lung and 100 grama suet, except for occasional days on which it was 
proved that bread and soup diet would promptly bring bade a mild glycosuria. 

October 25, an intravenous glucose tolerance tint was perfonned, by injection 
of 25 CO. of 10 per cent solution of Merck anhydrous gluoose every 15 minutes 
(1 gram per kilo per hour, on 10 kilos weight) for3 hours, according to the method 
described elsewhere (3). Catheterisation was performed and blood samples 
taken before the first injection and at hourly intervals thereafter as shown in 
table 2. 

October 26, 4 cc. of a heavy broth culture of the Welch bacillus were injected 
intramuscularly in the right thigh. The rectal temperature rose to 41.1°C. that 
evening and was 39.6° the next morning. The dog refused food and there was no 
glycosuria. By October 31 there was partial recovery and part of the diet waa 
eaten'. The weight had fallen from 10 kilos to 9.75. 

TABLE J 
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November 1, an intravenous glucose test was performed, identical with the 
doeage on October 25. A lowering of tolerance was indicated by both tbe blood 
and urine analyses. 

November 14, 4 co. of the gas bacillus culture were injected in the other thigh. 
Local edema, gas formation and necrosis occurred as before, but the general 
symptoms were less. The temperature on the morning of November 15 was 
38.8. The dog ate well and showed a spontaneous glycosuria of 2.15 per cent in 
340 cc. urine. The following day it was 0.4S per cent in 530 cc. urine, and then 
disappeared. 

Later the dog was unwell and ate poorly, probably on account of secondary 
infection of the sloughing area in the leg. No further glycosuria developed, and 
by December IS the animal was again in good general health at a weight of 10 
kilos, though a large open ulcer was still present. 

December 18, the animal was given the same intravenous glucose injections as 
before. A reduced tolerance was still indicated, either because of the ulcer or 
because the lowering due to infection was permanent, as it is in many human 
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An accidental or apontaneous fall of tolerance is probably excluded by the 
fact that the dog waa kept on the lung and suet diet till March 27 without glyco- 
Buria. He was then uaed for other experiments, and no further tolerance test 



CONCLUSIONS 

1. Intramuscular injectioos of pure cultures of B. aerogenes capeu- 
latus produced local uecrosis and gas formation in partially depan- 
creatized diabetic dogs. Systemic or peritoneal infection was not 
obtained. The observations failed to indicate any lowering of resistance 
in these animals due either to the diabetes itself or to the excess of 
sugar in the body fluids. The latter point is further emphasized by 
the fact that the reactions were essentially similar in the first dog with 
mild glycosuria, in the second dog with heavy glycosuria, and in the 
third dog free from glycosuria. These results agree with the general 
experience that such animals ordinarily bear operations well and their 
wounds heal normally. 

2. A towering of tolerance by infection was demonstrable both by 
feeding and by intravenous glucose tests. Though this influence is 
less in animals than in human patients, the difference seems to be one 
of degree rather than of kind. 
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The marked loss of body temperature is one of the most striking 
features of traumatic shock. To study this, as well as to iuvestigate 
the relationships of metabolism and ventilation to the sudden charges 
in blood pressure, was the purpose of these experiments. The problem 
was approached through the gaseous exahange. 

The literature upon this subject is very meager. Guthrie (1), 
reported no consistent findings in either Oi absorption or COj output 
with animals under ether anesthesia. Henderson, Prince and Hag- 
gard (2), in a preliminary note, mention a marked drop in metf^Iism 
in two dogs in shock, but give no details of experiments. Roaf (3), 
working on decerebrate cats, states that his experiments tend to show 
that fall of blood pressure does not markedly reduce the production of 
CO,. 

Methods. Cats were used that had not eaten for 24 hours. They 
were anesthetized by urethane given by mouth, 8 cc. of a 25 per cent 
solution per kilo of body we^t, and only when fully anesthetized 
were they stretched out on an animal board. The temperature was 
recorded through a rectal thermometer graduated to tenths, and was 
kept as nearly constant as possible by means of an electric heating pad. 

The operation consisted of inserting a trachea cannula and cannulae 
in two arteries, usually both carotids, and also usually one in the 
external jugular vein. One carotid cannula was then attached to 
a mercury manometer and blood pressure tracings begun. In some 
experiments 10 cc. of arterial blood were now removed; in most cases 
blood was taken only after several respiration samples had been 
obtained. 
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The inspired air was room air. The samples of exfured air were 
obtained in two S-liter copper Bpirometers. The valvee used were 
Tifisot valvee, attached directly on the T-ehaped glass tracheal can- 
nula. The air sample was promptly withdrawn from the spirometer 
and preserved under pressure in the iisual type of glass sampling tube. 
Gas analyses were made in the Haldane apparatus, and careful checks 
of room air were made before 8am[des were analyzed. Urinary nitro- 
gen determinations were not made (4). 
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Fig. 1. VeDt. = Veotitation volume per minute in 100 cc. 
Cal. = Total calories per hour. 
R. Q. " Respiratory quotient. 

To produce shock the th^ muscles of both hind legs were thor- 
oughly crushed (6), When tiie blood pressure fell below 70 mm. Hg. 
-systolic and stayed below that level, the animal was considered to be 
in a state of shock. No attempt was made to measure blood flow, as 
all'extra manipulation was rigidly avoided. 
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The experiments may be grouped as follows: 

I. Normal controls. Table 1. 

II. The simple traumatizing of muscle tissue and the study of respi- 
ratory metabolism before and after the resultii^ drop in blood pres- 
sure. Tables 3 and 4. 

III. The production of traumatic shock and the subsequent raising 
of the blood pressure by transfusion with cat's blood. Table 5. 

IV. The effect on metabolism of hemorrhage when it alone caused a 
marked fall of pressure. Table 2. 

V. The production of a low blood pressure without shock by increas- 
ing pericardial pressure. Table 6. 

Disaission. Table 1 shows that the metabolism following urethane 
anesthesia when given by mouth remains quite constant for 4} hours 
Bt least. It may then fall to a lower level. Raeder (6) kept rabbits 
aUve for over 3 days by administering urethane subcutaneously. He 
came to the conclusion that the total metabolism fell only about 2 
per cent an hour, and that it was a satisfactory anesthetic to' use in 
studying respiratory metabolism. 

The level of the basal metabolism during shock has fallen in all 
but one case below the value found before the muscles were crushed. 
In six cases of mild shock (table 3) the average reduction in calories 
was —19 per cent, and in eight cases of severe experimental shock 
(tables 4 and 5) the average fall was —30 per cent. This average 
does not include experiment LIII in which the metabolism rose. Like- 
wise in five experiments in which pericardial pressure was increased 
(table 6) and the blood pressure so reduced, there was a prompt drop 
(fig. 2) to an average of —31 per cent below the former height. In 
general the "critical level" of blood pressure for the metabolism, as 
with the development of diminished alkaline reserve, is at 75 or 80 mm. 
Hg. At that level the metabolism may be within normal limits or it 
may he considerably reduced. Usually when a normal value is found, 
the blood pressure has been stationary or rising; but when the meta^ 
holism figures are reduced the blood pressure is falling. With a pres- 
sure below 75 mm. Hg., the calorie production has, with but one excep- 
tion, been reduced. 

While the reduced blood pressure undoubtedly has a great deal to 
do with the fall of metabolism, it is probably not the whole story.- 
Experiment XXXIV, table 2, shows that a low blood pressure, follow- 
ing hemorrhage alone, may be associated with only a sl^t drop in 
metabolism. With a blood pressure of 55 to 62 mm. Hg. immediately 
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after bleeding the metabolism was only — 10 per cent; and in the third 
period, although the rising blood pressure had been below 80 mm. Hg. 
for 45 minutes, the metabolism was only —1 pa- cent. So also in the 
last period after the pressure had been 50 mm. Hg. for 20 minutes, 
but was rapidly rising at the time the period was taken, the metabolism 
was only —7 per cent. 



Fig. 2, Vent. = Ventilation volume per minute. The figure should be 
multiplied by ten. 

There are also examples of blood pressures above the critical level 
associated with reduced metabolism. In experiment XXXIII, table 
2, the second period shows a sudden drop of 22 per cent in metabolism 
20 minutes after bleeding 15 cc, while later a return to normal limits 
occurred even though muscle injury was done. This bleeding only 
caused an immediate drop in blood pressure from 110 to 90 mm. Hg., 
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and at the time of observation the blood pressure was 95. It was, 
however, not rising. In experiment XXX, table 3, where blood prea- 
8ure fell from 170 to 108 mm. Hg. after severe trauma, the metabolism 
still fell 14 per cent and. 29 per cent; and in experiment XXXI, table 3, 
even though blood pressure after trauma was 85, the heat production 
was reduced — 21 per cent and — 24 per cent. The temperature in these 
last two experiments, however, was not satisfactory, likewise in 
experiment XXXII, the metabolism fell 23 per cent even though the 
blood pressure was 100. In experiment XXXVI, table 4, fourth 
period, though the blood pressure was 80-75 in an animal rapidly 
developing shock, the metabolian was —26 per cent of the normal 
level. The explanation of these differences is obscure. After hemoi^ 
rhage the blood pressure may be low for a time without marked drop 
in metabolism. After muscle injury the metabolism may be reduced 
before a great fall in blood pressure baa occurred. Possibly the obser- 
vations of Gesell (7) will satisfactorily account for these facts. He 
found that in the early stages of shock from tissue abuse there is usu- 
ally a marked reduction of the "volume flow" of blood in peripheral 
organs, although blood pressure is only little changed, and he reports 
one instance of increased volume flow after hemorriiage thou^ the 
blood pressure was falling. The volume fiow'of blood determines the 
oxygen delivery to the tissues, and this may vary to some degree with- 
out corresponding variation in blood pressure. 

The reduction of blood pressure by increasit^ pericardial pressure, 
as described by Cannon (S), is due to mechanical venous obstruction, 
and is similar in its action to the methods described by Janeway and 
Jackson (9) and by Erianger and Gasser (10). When the blood pres- 
sure is reduced by this procedure, the metabolism, as calculated from 
the respiratory gases, shows a marked prompt reduction to the level 
found with similar blood pressures in experimental shock (table 6). 
The respiratory quotient is also similar in that it rises. The prompt 
reduction of metabolism by this method of merely hindering the venous 
return to the heart is evidence that some mechanical factor such as 
retarded blood Sow is the cause of the reduced metaboliam. This is 
emphasized by the rapidity of the appearance of the reduction, which 
by this method seems to occur without delay. 

The rapid appearance of diminished alkaline reserve in shock, as 
shown by the lowering of the blood COi combining capacity, should 
not reduce metabolism but, if anything, should tend to raise it slightly, 
as shown by studies (11) in conditions where a similar drop in the 
reserve may occur. 
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A feature of the resultais the rather low average respiratory quotient. 
In forty-seven observations in Raeder's publication (6) and in sixty- 
two normal observations in this series, the average respiratory quotient 
was the same — 0.75. Wilenko (12) in ten periods with cats partly 
anesthetized by 1 gram urethajie per kilo by mouth, had an average 
respiratory quotient of 0.79 in his controls. This rather low value, 
as also the work of Underhiil (13), and the presence of a hyperglycemia 
(paper III), all surest a decreased oxidation of carbohydrate under 
urethane anesthesia. This point will be more fully discussed in a 
future publication. Here it is sufficient to say that the control experi- 
ments demonstrate that the height of the basal metabolism remains 
constant under urethane for 4} hours. Inasmuch as we are dealing 
with relative changes in each animal, the low respiratory quotient 
in the control periods does not affect the eventual conclusions. The 
tendency as shock develops has been for the respiratory quotients to 
rise — the average for twenty-one observations being 0.81, an effect, 
probably, cA increased ventilation and the resulting pumping out of 
CO,. 

Having the animaj anesthetized makes the determination of the 
basal metabolism a great deal simpler, for voluntuy movements and 
emotional excitement are removed as factors which might raise the 
metabolism. The abnormality of some of the respiratory quotients 
reported here could practically all be traced to irregularities in breath- 
ing just prior to or during the observation. A period of hyperpnea 
previous to the observation gave a low respiratory quotient, and with 
hyperpnea during the period, the respiratory quotient was always 
elevated. In cats the breathing imder urethane is apt to vary in 
quantity rather markedly and, as a result, no great stress may be laid 
upon respuratory quotients. Then, too, there is the factor of rapidly 
decreasing alkaline reserve with the marked fall of blood pressure, as 
shown by Cannon (14), and whether this is due to an accumulation of 
lactic acid or to a disappearance of alkali into the tissues, the effect 
would probably be a temporary pumping out of extra COj into the 
expired air. The effect of this change in balance might well affect the 
dissociation curves of hemoglobin for oxygen and for COj (15). With 
the low blood pressure found in shock, the effect on the exchange of 
substances between blood and tissue fluids may be considerably dis- 
turbed, and these factors might distort the relationship between the 
0} absorbed and the COg given off in the lungs. As a result, little stress 
may be laid on the respiratory quotients obtained, because of the 
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406 JOSEPH C. AUB 

extremely complicating factors which may be influeDcing them. How- 
ever, the oxygen absorption from the lungs must represent the amount 
of oxygen available for metabolic uses in the tissues, inasmuch as the 
blood leaves the heart nonnally saturated with oxygen (16). That this 
absorbed oxygen represents the amount used by the body seems highly 
probable, as otherwise there would be an accumulation of oxygen in 
the tissues, a condition which seems decidedly unlikely. In all these 
observations, therefore, the oxygen absorption has been used as the 
basis of comparison, and the COj assumes a relatively unimportant 
rdle through its influence on the respiratory quotient. 

The reduced metabolism affords an explanation for the marked 
reduction of body temperature in shock, which may go as low as 87.8", 
or even 76,1° in cervical spine lesions, according to Weil (18) and to 
Volkmann (17). This investigation, however, does not indicate that 
the reduction is usually a forerunner of the onset of shock, or that 
it is a causative factor in the production. In fact, in two experiments 
the metabolism just before the onset of shock was slightly elevated 
above the normal level. 

The volume of respiration per minut« has likewise been studied. 
The average ventilation per minute of the control observations was 
557 cc. in twenty-one experiments; the average after crushing the 
muscles and before the onset of a shock blood pressure level was 860 
cc. in ten experiments, {a variation of +54 per cent from the control 
observations), and after the onset of shock it was 635 cc. in thirteen 
experiments. This variation is hardly enough to accoimt for the onset 
of shock, in these muscle trauma experiments, by the acapnia theory 
advanced by Henderson and Haggard (19), (20). Besides, rapid 
breathing with a higher ventilation rate per minute than in shock has 
been repeatedly seen under urethane anesthesia without the onset of 
spontaneous shock. These data also show that the fall of the meta- 
bolic rate was not due to changes in either the volume or exertion 
involved in respiration. 

With the metabolism so much reduced by shock, it naturally became 
of interest to know the effect of transfusion of a sufficient amount of 
blood to bring about recovery. Table 5 shows five such experiments 
in three of which the metabolism returned to normal limits, while in 
experiment XLI the metabolism remained low. In experiment 
XLVIII, the figures for the first period after transfusion were above 
the normal determinations. Experiment LIV in table 6 shows the 
effect of reducing the pressure to shock level by pericardial pressure. 
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Periods III and IV were taken directly after releasing the pressure, 
and showed a normal rate. It therefore seems that making the circu- 
lation adequate causes the low metabolism of shock to disappear 
promptly. 

■ CONCLUSIONS 

1. Ethyl carbamate (urethane) is a satisfactory anesthetic for the 
study of gaseous metabolism in animals over short periods of time. 

2. Experimental traumatic shock causes a marked fall in the rate 
of basal metabolism to 70 per cent of the original level. The degree 
of fall is dependent upon the severity of the shock produced. 

3. A similar fall of the metabolic rate may be rapidly accomplished 
by interfering with the circulation by increased pericardial pressure. 

4. The effect of hemorrhage is not constant. It may temporarily 
lower, or have no immediate effect on the metabolic rate. 

5. Recovery from shock after blood transfusion is usually associated 
with a prompt return of the metabolic rate to a normal level. 
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In studying the basal metabolism of experimental traumatic shock it 
became clear that the reduction of the calories utilized was dependent 
upon some undetermined factor. This was suggested by the fact that 
the fall in metabolic rate did not always coincide with the fall in .blood 
pressure. Other observers have noted that there were marked changes in 
the circulation before a shock level of blood pressure was approached. 
Gesell (1) showed a slowing of blood flow through the salivary gland before 
a fall in pressure had developed. Yandell Henderson, (2) while working 
with shock induced by intestinal trauma in dogs, found a markedly de- 
creased Oi content in the venous blood, which he thought followed the 
failure of the venopressor mechanism and demonstrated a true anoxemia. 

These observations suggested that the determination of the oxygen 
of the arterial and venous blood, as well as the blood flow during the 
development and recovery from traumatic shock, might give evidence 
as to the cause of the fall of metabolism (3). 

Method. The animals used were cats, and the methods used for 
inducing traumatic shock and determining metabolism were similar 
in all respects to those previously described (3). The values for blood 
oxygen were obtained by the methods of Van Slyke (4) . 

The blood was withdrawn in two ways : a, by mserting a needle in a 
branch of the femoral artery and vein, and so entering the larger ves- 
sels without causing any stasis; b, the more satisfactory way, by insert- 
ing thin catheters down the right carotid artery and right superficial 
jugular vein until they reached the heart. The blood was collected in 
glass syringes, under parafiSxie oil, and put into tubes under oil (5). 

iThie is study no. X of & series on the physiology and pathology of the blood 
from the Harvard Medical School and allied hospitals. 
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By this method blood could easily be obtained without expoBure to 
air. In order not to disturb the blood volume in the experimental 
animal, the amount removed for analysis was promptly replaced by an 
equal amount of citrated cat's blood. Thus fairly large samples of 
arterial and venous blood could be obtained without permanently 
affecting the blood pressure or blood volume. 



Fig. I. Normal = Animal under urethane aDeathesia. 

Before shock ■> After muscle trauma, but before a true shock level of 

blood pressure had been established. 
Asphyxia — Clamping off trachea completely tor 4 or 5 minutes. 

After shock had been establiBhed for about 30 minutes, aa shown by a 
fall of blood pressure to 60-70 mm. Hg., the blood samples were taken 
and were immediately followed by a large transfusion of blood, as much 
as 100 cc. being given in an attempt to relieve the shock. In one case 
this accomplished a permanent recovery of blood pressure to its orig- 
inal level. In cases where a few minutes' delay followed the taking 
of the blood samples from the shocked animals, only slight recovery of 
blood pressure followed the transfusion. 
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DMCuasion. Figure 1 shows graphically the more important changes 
which occur in the oxygen of the blood in traumatic shock. The most 
striking effect is seen in the oxygen content of the venoua blood, which 
falls very mariradly in shock— not only in actual content of oxygen 
but in percentage of aatunUicm.* This is well shown in all the experi- 
mente in table i, but poasUy most notably in experiment LIII and 
LV, and is also piesent in a control experiment LIV, table 1, where a 
low pressure was obt^nsd by mechanically interfering with the circu- 
- lation. The chaises observed in profound shock are also present 
as the shock is developing, and to lesser de^EFee after the improvement 
which follows large transfuaions. 

The oxygen capacity i^ the blood in sdiock has invariably become 
iesB than in the normal aample. This fall in capacity does not agree 
with the observations of Henderson (2), who found in four experiments 
that the oxygen of the arterial blood rose 1.5 volume per cent after 
shock. This he interpreted as demonstrating a concentration of the 
blood. The fall here reported may, however, be explained by the 
accumulation of red blood corpuscles in the capillaries, as observed by 
Cannon, Eraser and Hooper (6), and tlierefore a relative reduction of 
corpuscles in venous blood, and not necessarily a dilution of the plasma. 

The percentage saturation of hemc^lobin in arterial blood has not 
varied markedly in the various conditions of the experiments. The 
ventilation is at least adequate throughout, so that when the blood 
leaves the heart and reaches the tissues it is as well saturated with 
oxygen during shock as normally. The fall from the normal level of 
oxygen takes place in the venous blood, which confirms Henderson's 
observations, and this occurs before shock as well as during shock. 
- In experiment LYI, while the blood pressure was, and had been, 104r-94 
mm. Kg. for IJ hours after the muscle injury, the oxygen content of 
the venous blood had fallen from 12.27 to 4.55 volumes per cent. So 
also in experiment LVII, although the blood pressure was 84 mm. Hg. 
^ter the muscle injiuy, the oxygen content of the venous blood had 
fallen from 13.68 to 6.64 volumes per cent. 

A similar, though leas marked, decrease in the oxygen content of 
the venous blood is seen after recovery by transfusion as seen in experi- 
ment LIII, table 2. That this is sufficient to indicate a true asph>'xi& 
in the tissues cannot now be proved because the head of oxygen pres- 
sure necessary for normal oxidation is not yet definitely known. How- 

* The percentage of eaturation as used in this paper, represents the oxygen 
content of venous blood divided by the oxygen capacity of the arterial blood. 
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ever, the very small amount of oxygen present (with the attendant low 
partial pressure) makes a true anoxemia poesible. 

It is true, however, that the venous blood may be as low in oxygen 
in severe an^oia as it ia in shock, but in this condition the oxygen of 
the arterial blood is likewise reduced. Morawitz and Bohmer (7) 
found that in three hmoan cases of very severe anesnia, where the 
o](ygen-carryii^ capacity of the blood was 4.5 per cent or lees, the 
venous blood had an oxygen content as low as 0.67 per cent, and they 
assumed an increased blood flow to explain the normal metabolism 
which is still found in these cases. Lundsgaard (8), also studyii^ 
patients with anemia, found the venous blood contained as low as 
1.16 volume per cent of Oi in a case with an oxygen-carrying capacity 
of 5.93 per cent. He concludes that the tissues extract oxygen from 
the blood with equal readiness whether there is a lai^e oxygen reserve 
in the blood, "or practically no reserve, as in an^nia." These cases, 
however, had very low oxygen capacities, and therefore the low Oa 
content of the venous blood meant a less complete dissociation' of 
hemoglobin and 0* than would a similar figure in a normal blood. 
It is the amount (percentage) of this dissociation which must influence 
the partial pressure of the dissolved oxygen, and this latter is the 
important factor in the migration of oxygen into the tissues. The 
oxygen content of normal blood may, therefore, be three or four times 
that of anemic under the same partial pressure of Oj. As a result, 
under similar conditions, one would expect to find a much larger figure 
for the total venous content of oxygen in these shock experiments than 
would be found in anemia, because anemic blood has less hemoglobin. 
In fact, the percentage saturation of the venous blood in these anemia 
cases, (16 per cent and 20 per cent) , is about the same as in the cases of 
severe shock, in spite of the lower venous content. 

A more direct control of the value of the oxygen content found in 
these experiments are the figures obtained in animals after 4 or 5 min- 
utes of complete asphyxia, for here, just before death, the oxygen 
value of the venous blood was not very much lower than that found 
in shock. This is of course indirect evidence, for the matter of greatest 
importance to the tissue is the oxygen content of the arterial blood. 
Still, the oxygen content of the venous blood must give a satisfactory 

• This disaoci&tioD is approximately lepfesented by the "per cent of aatura- 
tion" column in tables 1 and 2. It is approximate, beoaiue the small amount 
of oxygen dissolved in the plasma would be about the same in anemic and normal 
bloods. 



„Google 



412 JOSEPH C. AUB AND T. DONALD CUNmNQHAH 

mdicatioQ of conditionfi in the venous end of the cs,pillarie6, and in the 
asphyxia experiments must surely indicate an oxygen content which is 
entirely inadequate for the use of the tissues. 

The explanation of this marked anoxemia hes most probably in a 
slowed blood flow which has been demonstrated in shock, and which 
can be very well demonstrated in these experiments by the method 
used by Means and Newbui^h (9). In brief it is based on the formula: 

„ , , , cc. Oi absorbed through lungs 

Volume output of heart per min. - r;—, — ; — - — ■, 

Volume per cent oxygen utilization of blood 

Using this formula we can calculate the blood flow of several of 
our cases. The results are shown in tables 1 and 2. It is clear 
that the blood flow becomes markedly slowed before the onset 
of a shock level of blood pressure, and that this slowing precedes 
the fall in metabolism, d^nonatrated in paper I.* This is demon- 
strated in experiments LVI and LVII. It may therefore be assumed 
that the fall in metabolism is a secondary manifestation of the decreased 
blood flow, and of the markedly reduced oxygen content of the venous 
blood, and is probably due to a true anoxemia. This suggestion is 
further borne out by the similar findings foHowing increased pericardial 
tension (exper. LIV), for this must suddenly decrease the rapidity of 
blood flow. There is a much increased oxygen utilisation in the blood 
and tliere is also a very prompt fall in the level of the basal metab- 
olism (3), although the only disturbii^ factor is in the circulation, and 
no toxic effect from tissue injury can be involved. Verzar (10) has also 
shown that when perfused muscles are given inadequate oxygen sup- 
ply the hdght of their metabolism falls. 

Under theee conditions we may add another factor to the vicious 
cycles described by Cannon (11). Krogh (12) has shown that as an 
oxygen want develops in contracting muscles, many empty capillaries 
fill with blood, a change which reduces the distance necessary for the 
diffusion of gases into the tissues. Thus, as anoxemia develops, the 
capillary bed would increase in volume. This would further decrease 
the fdieady slowed blood flow, and the slower the flow the greater 
would probably become the oxygen consumption per cubic centimeter 
of blood, and hence the decrease in oxygen of venous blood. 

* Experiment LIII does not show so striking a drop m the other two. It was 
abnormal, however, in being the only observation which showed a rise in metab- 
olism during shock, instead of a fall. This was probably due to the intense 
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CONCLUSIONS 

1. There is a markedly dimimshed oxygen content of ihe venous 
blood in experimental tratunatic shock. This change occurs before 
the blood pressure falls to a shock level, and is still present after appar- 
ent recovery from shock. 

2. The blood flow is also greatly decreased in the development of, 
durii^ and after shock. 

3. The resulting anoxemia of the tissues may be the cause of the 
decreased metabolism. 

4. The sequence of these events in traumatic shock is discussed. 
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In experimeDta] traumatic shock there is a marked decrease in the 
rate of blood flow and of general metabolism. Decreased blood flow 
and blood pressure result in a diminished secretion by the kidney (1). 
It is of interest to know what are the effects of such acut« abnormal 
conditions upon the chemical constituents of blood, especially as a 
chemical cause <rf shock is now beii^ seriously considered. 

Some work in this field has been done by French inveatigatora. 
Duval and Grigaut (2) studied the non-protein nitrogen of the blood 
in shock and concluded from then* results that in the war-wounded 
there was an increase in the non-protein nitrc^n of the blood, which 
started promptly after the wounding, was at its height during the sec- 
ond day and then gradually returned to normal. This increase was 
slij^t in tmshocked cases, whether the wounds were infected or not. 
The retention differed from that found in nephritis in that the nitrc^en 
increase in blood occurred not markedly in the urea portion but in the 
remainder of the non-protein nitrogen. 

Whipple and his collaborators (3) studied the blood in the intoxica- 
tion following intestinal obstruction, and after injection of the toxic 
proteoses which developed in obstructed intestines or in closed intes- 
tinal loops. The response to these injections was one which in many 
ways resembled traumatic shock, — with a fall in temperature and 
blood pressure. The injection was followed by a large increase (40 
per cent or more) in the non-protein nitrogen of the blood, but this 
increase was found chiefly in the blood urea nitrogen, although the 
amino- and peptid-nitrogen also showed slight increases. 

It is thus seen that the conclusions of the French and of the American 
investigators are somewhat contradictory, though it may be conceded 
that the response obtained by proteose injection is not a true shock. 
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At any rate, neither of these investigators have found any chemical 
change in blood other than rise in non-protein nitrc^n which may be 
r^arded as characteristic of traumatic shock. 

The method of analysis used in our experiments was that of Folin 
and Wu (4). The luea was always determined by means of urease and 
aeration, as hydrolysis with the autoclave would also decompose the 
urethane used as an anesthetic. The figures obtained by the latter 
method were 10 to 15 nxgm. too high, and it may therefore be con- 
cluded that the blood inour experiments contained about this amount 
of urethane N per 100 cc. The urethane contributed but little to the 
non-protein nitrogen sa actually determined. It is so volatile that 
most of it is expelled in the course of the digestion. Experiments with 
a pure urethane solution containing 10 to 15 mgm. N per hter (i.e., as 
much urethane N as the blood filtrate might contain) have shown 
that only 3 to 4 mgm. N were fixed by t^e acid digestion mixture. The 
values of the total non-protein N obtained are, therefore, only 3 to 4 
n^m. h^^er than the actual total non-protem nitrogen minus urethane 
nitrogen. 

The creatiu N represents as usual the difference between the total 
creatinine and the preformed creatinine multiplied by 0.37. In the 
first few experiments both the total creatinme and the preformed 
creatinine were determined, but as the latter showed no appreciable 
variation during anesthesia, — averaging 2 mgm. creatinine per 100 cc. 
blood, in control as well as in shocked animals' — its separate deter- 
mination was discontinued in later experiments in order to economize 
the blood filtrate. Its average value was used for the calculation of 
the creatin. 

In tables 1 and 2 are shown the results of our experiments. It is 
clear that in the control experiments there was no marked rise in any 
oi the chemical constituents studied. This is true even in the experi- 
ments where the blood pressure and the blood flow were reduced by 
mechanical means but without muscle trauma (exper. LIV). In the 
animals in shock, however, there was usually a marked increase of all 
the constituents which we determined, over what was present before 

' In a coatroi experiment, 1 hour and 10 minuteB after anesthesia the blood 
contained 5.2 mgm. total creatinine and 2.1 preformed creatinine per 100 cc. 
blood. Five hours later the total creatinine was again 5.2 mgm. and the pre- 
formed creatinine was 1.8 mgm. In another experiment (2 hours after trauma- 
tization) the blood contained 15 mgm. total creatinine and only 2.3 mgm. 
preformed creatinine. 
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422 JOSEPH C. AUB AND HSIEN WU 

trauma. This increase was not marked in traumatized animals which 
did not go into shock, — and, in fact, the rise tended to run parallel 
with the severity of the shock. 

The most ugnificant result of the blood analysis is that in connection 
with the creatin. In control animftlH the creatin content of blood 
remained practically unchanged durii^ the five hours of the experi- 
ment. In animals which were traumatized but had not gone into 
shock the blood creatin showed an unmist^cable increase. When 
shock developed, the creatin figure rose frequently to three times the 
normal. The source of the increased creatin in blood is the injured 
muscle. This is not only is accord with the known faots but is also 
shown in experiment XLI. The blood from the femoral vein con- 
tained distinctly more creatin than did the carotid blood. According 
to the views of Folin and Denis (5), creatin does not exist as such in 
the intact muscle and it is a post-mortem product set free by the dying 
tissue. While these investigators based their view on indirect though 
convincing data, the results of our experiments aeeai to afford direct 
evidence. 

The parallelism between blood creatin and the severity of the shock 
does not of course indicate that creatin itself is responmble for this 
condition. Creatin is innocuous even in large doses. Simultaneously 
with the liberation of creatin from the autolyzing muscle there is 
probably formed a large number of other nitrogenous substances — 
possibly histamine and the like, and to these substances may possibly 
be ascribed the cause of shock. The increased blood creatin is merely 
an index of the extent of the necrosis which the injured muscle has 
undergone. Since creatin is derived solely from the injured muscle, 
the results of our experiment seem to afford su^estive chemical evi- 
dence in support of the view already prevalent that the shock is pro- 
duced by some substance comii^ from the injured muscle (6), (7). 

Although an increase in the total non-protein nitrc^n always 
attended the development of shock, the increase was slight except in 
cases where the shock was profound. This relatively slight increase 
of total nitrogen is an excellent check on the increase of creatin, for it 
shows that the accumulation is due to increased production and not 
simply to kidney inefficiency, which would probably cause a parallel 
rise of all constituents. We are inclined not to attach much signiS- 
cance to the variation of the total nitrogen (and the percentage of 
urea N) on account of the complication by the ur6thane, but our 
results E^ree rather well with those of Whipple and collaborators (3), 
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and it may be concluded that albumoses, as such, could not have played 
any important rdle in the development of shock. 

Some work has been done on the blood sugar content in traumatic 
shock. Cannon (8) reported that there was surely a normal amount 
if not a slightly increased blood sugar in wound shock. Fabre, Wertr 
heimer and Clogne (9), however, report a reduced blood si^ar content 
in shock. In our control experiments the blood sugar, while always 
high on account of anesthesia, did not rise greatly in the second sample. 
In the traumatized cases, however, there was nearly always definite 
and marked rise in the sugar content of the blood. Too much stress 
may not be laid upon the extent of the rise, however, because of the 
urethane. That this anesthetic may affect the carbohydrate metab- 
olism was suggested by the work of Underbill (10), who showed that 
adrenalin glycosuria was more readily obtained when urethane was the 
anesthetic than otherwise. The rise of sugar values which we have 
found, however, is very striking and difficult to explain. Three possi- 
bilities si^gest themselves: a, It may be the hypet^lycemia associated 
with activity of the sympathetic nervous system; b, The reduced total 
metabolism might be used to explain an accumulation in the blood, — 
but the respiratory quotients in traumatic shock (11) suggest that at 
least a normal proportion of carbohydrate is being metabolized; c, 
finally one may look to the liver for an explanation. Several French 
observers have ascribed shock phenomena to a hver insufficiency, and 
one might assume that this rise in blood sugar is due to a loss from 
the glycogen commonly stored there. This might be a direct result of 
the toxic alterations which may occur in the liver (12). 

CONCLUSIONS 

1. Animals with marked muscle trauma but without true shock 
showed only slight changes in total non-protein nitrogen, urea, creatin 
and sugar in the blood. These constituent, especially the creatin and 
the sugar, rose markedly as shock developed. In control animals the 
determined constituents showed no appreciable change. 

2. The marked rise in creatin is direct evidence of the presence in 
the blood of products of muscle necrosis, and is therefore su^estive 
evidence for the theory of the chemical cause of traumatic shock. 

3. The cause of the rise in blood su^ar is briefly discussed. 
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7. The Influence of Cold 
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Prom the Hospital of The Rockefeller Inttitulefor Medical Research, Neia York 

Received for publication August 10, 1920 

According to some earlier literature (1), cold causes hyperglycemia 
and glycosuria in both warm- and cold-blooded animals, and increases 
the glycosuria of diabetic dogs. The use of cold and shivering to drive 
out glycogen from pblorizinized animals was familiarized by Lusk, 
A single mild test of cold environment in a human patient gave a 
negative result (2). 

A few words may be devoted to the theory of the subject. In a 
totally pblorizinized dog, it is obvious that a release of carbohydrate 
which cannot be utilized will result in a temporary rise of glycosuria 
and of the D : N ratio. A similar mobilization of stored carbohydrate, 
together with a possible diuretic action of cold, might produce a similar 
result in a totally dejMincreatized animal. The extra heat required to 
maintain body temperature would supposedly be furnished by fat, 
and there is no reason to expect any increased output of sugar derived 
from protein, either in the sense of any appreciable increase of protein 
decomposition or any genuine alteration of the D : N ratio. In a 
partially depancreatizcd animal, the increEised carbohydrate mobili- 
zation or increased total metabolism may impose an additional burden 
upon the pancreas remnant, and any lasting increase of glycosuria 
must be interpreted in the sense of a true aggravation of the diabetes. 
At the same time compUcating factors come into play. If the animal 
425 
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fasts, the extra sugar loss and fat combustion impose a sharper imder- 
nutrition treatment in a cold than in a wann environment. Likewise 
a diet which is adequate in warmth becomes under-nutrition in the 
cold. On the other hand an increase of diet to meet the increased 
requirement compheates the problem still further. Shivering is a form 
of muscular exercise, and may possibly have a metabolic effect opposed 
to the effect of cold per se. 

Normal d(^ can live without artificial heat in the ordinary winter 
weather of New York if merely sheltered, but their metabolism evi- 
dently is considerably higher than that of dogs kept in warm rooms. 
The first experiments were therefore planned to determine whether 
there is any practical difference in the ease of producing diabetes in 
dogs kept in outdoor nages in winter and in others kept in a room 
specially warmed to a high siumner temperature. This method was 
considered bettor for the purpose than the plan of using severely diabetic 
dogs and following the variations in their glycosuria, because it was 
important to distinguish a tendency to the production of mere glycosuria 
and hypei^lycemia (such as cold may excite even in normal animals, 
which are certainly not diabetic from this cause) from s tendency to 
the production of actual diabetes. If cold has any diabetogenic action, . 
equivalent to the removal of a small fraction of a gram of pancreatic 
tissue, this action should be demonstrable in such tests. 

Twenty-five dogs were used for this investigation, with removal ot 
such portions of pancreas as were known to produce a close approach 
to diabetes.' These experiments included fasting and fixed diets, also 
single and repeated operations, the latter as usual removing successive 
bits of tissue till diabetes resulted. Comparisons were made between 
dogs kept in the warmth and others kept in the cold, and also in the 
same animals by sudden changes from one environment to the other. 
The animals chosen ranged from small short-haired dogs which were 
highly sensitive to the cold and might sometimes be unduly depressed 
by it, to large woolly dogs which scarcely shivered in the winter weather. 
The general technic of such experiments is sufficiently clear from the 
preceding papers, so that brevity may be served by omitting protocols. 
In two instances the change from warmth to cold seemed responsible 
for a definite but transitory glycosuria. Otherwise the results were 
negative, and the conclusion was established positively that there is 
no demonstrable difference in the amount of pancreatic tissue that 

' All operations were performed under ether anestheais. 
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must be removed to produce diabetes in dogs in warm or cold e 
ment. An effect of cold upon the islands of Langerhans was also not 
observable. 

Although cold has no diabetogenic influence whatever in the sense 
of this test, it thus merely conforms to the rule that the most powerful 
functional influences avail little in compaiieon with the smallest fraction 
of a gram of healthy pancreas tissue. As agencies which are negative 
in this respect sometimes appreciably influence the course of an existing 
diabetes, some experiments concerning hyperglycemia and glycosuria 
were performed upon dogs with various grades of carbohydrate tolerance. 
For this purpose the animals' cages were transferred from a comfortably 
warm room to a refrigerator room kept at approximately freezing 
temperature. The observations are arranged in a series chiefly accord- 
ing to descending assimilative capacity. 

Dog esse 



x.«. 


PLkSKA 


^u.^. 




prrc.nl 




August 6 






10:00 a-in 


0.12S 


At Bummec temperature 


3:40 p.ni 


0.116 


Immediately after this bleeding, transferred to 


5:50 p.m 


0.098 


ice room 


August 7 






10:00 8.111 


0.113 




4:00 p.m 


0.100 


Immediately after thia bleeding, transferred 
from ice room to summer temperature 


6:00 p.m 


0.095 




9:25 p.m 


0.105 





The normal dog C3'36, weighing 17 kilos, was placed in the ice room after the 
bleeding at 3:40 p.m. on August 6, and left there until after the bleeding at 4 p.m. 
on August 7. The usual diet of bread and soup was fed each evening after the 
final blood sample was taken. The dog was in excellent condition and powerfully 
muscled, but very short haired, and shivered continuously in the cold. The 
plasma sugar seemed to be affected very slightly if at all. At any rate, no eleva- 
tion by cold was observed. 

Dog BS-00, mentioned several times in previous papers, in August, 
1915 was close to the verge of diabetes, but had been free from glyco- 
suria on fixed bread diet for several months. Exercise had proved able 
to modify the blood sugar and the glucose assimilation considerably, 
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and an experiment with cold was therefore performed under similar 
conditions. The diet -was fed each evening after the last blood test. 
There waa no glycosuria. The plasma sugar was slightly lower at the 
low temperature. 



,.M, 


'ii^.i 


„-™ 


August 5 


0.111 
0.117 

0.110 

o.oes 

0.085 

0.098 
0.107 

0.126 
0.112 






At summer temperature ■ 


August 6 


3:30 p.m 

6:45 p.m 

August 7 


Immediately after this bleeding, transferred to 
ice room 




Immediately after this bleeding, transferred 
from ice room to summer temperature 












Dog Bt-01 


.L*«...™» 




«eptj™_^„. 


Control 


Octobar t, Enrclw 




VrrcmU 

0.11« 
0.102 
0,106 
0.131 


0.106 
0256 
0.147 
0,103 


JW»lK 

0.105 
0.147 
0.148 


Blood before feeding 
1 hour after feeding 
3 hours after feeding 
6 hours afUr feeding 



Dog BS~Ol, likewise near the verge of diabetes, received 56 grama Merck anhy- 
drous glucose (4 grams per kilo) in 30 per cent solution by stomach tube on three 
days, respectively in the cold, in warmth at rest, and with treadmill running. 
The control day showed the highest plasma sugar curve, while both cold and 
le seemed to depress it. 
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Dog Bt~Oi 



r^. .ro« 


. .«™.™k 




fe^ 


wr 


Ootober 

EurciH 


July K. CeDtrol 


n.Coid 


""" 


0-144 
0.270 
0.140 
0.112 


0.118 
0.228 
0.115 
0.100 


ptretU 

0.114 
0.111 
0.100 




4. so (13 cc.) 

1.85 {84 CO.) 






Slight 






Before feeding 
1 hour after feeding 
3 hours after feeding 
6 hours after feeding 



Dog Bt-Ot was knovn to have very mild latent diabetee, but was con tiouously 
free from glycosuria oo bread diet. Teats similar to those of dog B2-01 were 
carried out with the giving of 30.5 grams Merck glucose (3 grams per kilo) by 
stomach tube. Cold seemed to reduce hyperglycemia and glycosuria as compared 
with the control day. On the exercise day there was by far the lowest plasma 
sugar-and no glycosuria. 

Dog D4~t» 





,..«-. .™^ 






October *, Control 


OMob«t».Cold 


OetoberW. Control 




0.093 
0.307 
0.307 
0.332 
0.307 
0,313 


fWwU 
0.120 
0.367 
0.455 
0.400 
0.416 
0,36* 
0.322 
0.125 


ptrcmtl 

0.147 
0.266 
0.202 
0.235 
0.222 
0,250 
0,206 
200 


Blood before feeding 

1 hour after feeding 

2 hours after feeding 

3 hours after feeding 

4 hours after feeding 

5 hours after feeding 
8 hours after feeding 

13 hours after feeding 



Dog D4-t9. Female; mongrel; age 2 years; good condition; weight 11.5 kilos. 
September 28, 1916, removal of pancreatic tissue weighing 26.9 grams. Remnant 
about main duct estimated at 3.S grams (i). The removal of 0.65 gram additional 
tissue on October 16 was necessary to produce diabetes. ■ In the interval the tests 
shown in the table were performed, with the feeding of 200 grams bread and 160 
grama glucose on each occasion (together with 200 grams talcum powder as a pre- 
caution against diarrhea). On Ootober the dog was transferred to the cold 
room immediately after feeding. The plasma sugar curve ran noticeably higher 
on this day than on the control days, but yet was lower at the end of 13 hours, as 
if more of the available carbohydrate had either been excreted or consumed by 
shivering. An accident prevented comparison of the glycosuria. 

Dog Bitse. The history of this animal won given in paper 2 of the preceding 
aeries (3). The animal had been on the verge of diabetes with an unusually large 
pancreas remnant, and enormous quantities of bread and glucose had been neces- 
sary to keep up glycosuria, but by July 21 this was disappearing and the appe- 
tite was failing. Therefore the expedient was adopted of raising the animal's 
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metabolism to the highest level possible, by exercising him on the treadmill to 
the limit of his strength daily, and keeping him in the ice room all the rest of the 
time, in the endeavor to bring on diabetes either by stimulation of appetite or by 
any direct influence upon the pancreas. July 22 was occupied in this manner. 
July 23, exercise was deferred until a feeding experiment with 400 grams bread 
and 600 grams glucose could be carried out in the ice room in comparison with the 
one at summer temperature on July 21. 





«^. 


»o« 




Julytl.Btiimuner 


tempumture 




tvcoif 
0.124 

0.147 
0.141 


per ant 















The lower sugar curve on July 23 may have been partly the result of the pre- 
ceding day's exercise, but at least augured failure for the uodertakisg. The pro- 
gram of combined exercise and cold was continued daily, with addition of as much 
as 600 grams of glucose to the bread diet, up to the time of the second operation 
on August 7. The strong animal merely thrived on the program, and such diabetic 
tendency as bad seemed to be present disappeared. 

Dog Bt-71. June 3, 1914, at a normal weight of 14.7 kilos, nine-tenths of the 
pancreas were removed. In July, 1916 the dog was still in astate of moderate dia- 
betes, kept sugar-free on meat diet, at a weight of 12.5 kilos, and was used for exer- 
cise and other experiments. Some teBts were then performed with feeding 50 
grams of bread, following only the urine without blood analyses. Theregular 
lung diet was given eaoh evening after completion of the test. 





..». 






Volume 


Gluc« 






«. 


IHT <Wll 




July 28 

2:30 p.m 

6:00 p.m 

July 29 

2:30 p.m 


38 . 



0.28 




Fed 50 grams bread 

Fed 60 grams bread and placed in ice 


6:00 p.m 

July 30 

10:00 a.m 


47 






Returned to summer temperature 
Fed 50 grama bread and placed in ice 


6:00 p.m 

July 31 

10:00 a.m 

5:00 p.m 


214 
275 


Trace 
0.4 


Returned to summer temperature 
Fed 50 gnuns bread 



„Google 



EXPERIMENTAL STUDIES IN DIABETES 431 

Id this experiment there was diatinctly greater glycosuria on Jufy 28 and 3t 
in warm sununer weatfaer than on July 29 and 30 at freezing temperature. 

Dog C3-00. Female; fox terrier mongrel; white and brown; age 5 years; good 
conditioo; weight 4.5 kilos. May 6, 191&, removal of pancreatic tissue weighing 
11 grama. Remnant about main duct estimated at 1.25 grams d'c). As some- 
times happens in small doga, glycosuria was absent on full meat diet even with 
this small pancreas remnant. On May IS a change to bread and soup promptly 
brought heavy glycosuria, which ceased with a return to meat diet on May 21. 
Afixeddietof 750 grama lung was then given daily, but was not always eaten com- 
pletely. After continuous absence of glycosuria, the dog was transferred to tbe 
ice room on May 29, and in the following 24 hours excreted 0.45 per cent sugar in 
375 cc. urine. Glycosuria then continued absent on the same diet as before, until 
on June 7 the dog was removed from the ice room. At summer temperature a 
return to bread and soup diet produced immediate heavy glycosuria. Accord- 
ingly, in this experiment cold f&iied to maintain glycosuria on meat diet in a dog 
which was demonstrably diabetic as proved by glycosuria on bread diet. 

In August the same dog was tested with the aid of plasma sugar analyses on a 
regular diet of 500 grams lung and 50 grams suet. There was no glycosuria. 



x,« 


':o'»'r; 


>.„*.« 




ptrcint 




Auguet 10 . 






10:46 a.m 


0.136 


Immediately after this bleeding, transferred to 


12:00 noon 


0,122 


ice room 


4:45 p.m 


0,141 




August 15 






12:30 p.m 


0.182 




August 16 






12:45 p.m 


0.098 




4:45 p.m 


0.112 


Immediately after this bleeding, transferred 
from ice room to summer temperature 


August 18 






12:00 noon 


0.187. 


Summer temperature 


5:25 p.m 


0.143 

















CoSL, 


Col^tio, 


November 
0.^ 


November 


Nowmbtr 


TIUB 


IwrcnX 


jxranl 


pn-cenl 


per MB( 


ptrctnl 




0.128 


0,189 


0.131 


0,122 


0.162 


Blood before feeding 




0.250 


0.222 




0.263 


1 hour after feeding 




0.267 


0233 




0.189 


2 hours after feeding 


0.286 






0.271 




4 hours after feeding 
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Dog Bt-88, with mild diabetes, received test meala of 200 grams bread Knd 100 
grAma beef lung. The plasma sugar curve seemed to vary chiefly according to the 
initial figure, without much influence of any of the special messureE employed. 
Thus, both figures on November 15 are a trifle higher than on November 23 in the 
refrigerator. Also the differeaces between November 18, 20 and 26 seemed to be 
governed chiefly by the level on which the pl&Bma sugar started. Cold at least 
did not elevate the plasma sugar, 

DogBMSS. Female; mongrel; yellow; age3 years; good condition; weight 11.8 
kilos. Fasting was begun May 4, 1914, and by May 21 the weight was reduced to 
9.1 kilos. It was thus possible to remove H of the pancreas on this date with 
only a moderate degree of diabetes resulting. After various tests, the tolerance 
was spared by a low protein diet, which could be gradually increased by October 
20 to 1 kilo of beef lung daily, without glycosuria. The weight gradually rose by 
December 24 to 12.3 kilos, on which date the first glycosuria appeared. About 
the same time the dog began to leave part of the diet uneaten, and the weight thus 
fluctuated and in general fell. The partial checking of glycosuria, and its daily 
variations, are thus accounted for. Beginning January 6, 1915, the dog's cage was 
kept outdoors, in order to test the effect of cold upon the diabetes either directly, 
through stimulation of appetite or in any other way. The dog had time to be- 
come acclimated because the weather was fairly mild at first, but after January 20 
it turned decidedly colder, and there were several days with considerable snow 
and ice. As the dog was short-haired, she was shivering practically continuously 
while outdoors, but passed through even the coldest weather without actual 
impairment of health. The rectal temperature remained normal. Contrary to 
expectation, the amount of food eaten was not appreciably different in the cold 
environment. After February 12 the glycosuria was checked by fasting. The 
experiment seems to indicate a slight increase of glycosuria by cold, but the influ- 
ence certainly was not great. 



DogBt-BS 







miKB 




wmioHr 








Voluma 


OluHxa 




k^. 


«. 


ptranl 


December 24 




teo 


1.0 


26 




585 


0.6 


26 


12.8 


470 


Faint 


27 




386 


0,2 


28 




950 


Faint 


29 




355 





30 


12.7 


384 





January 1 




T 360 





2 




500 





3 




632 





4 




650 


Faint 
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Dog Bi~S8— Concluded 





,„™ 


™™ 




Velum* 


Giu™» 




iil«. 


cc. 


perctnl 


Jaouary 5 




480 





6 


. 12.7 


330 





7 


12-4 


502 







Today placed 


ID cage outdoors 




8 




431 










307 





10 




575 





11 


11.1 


713 





12 




766 





13 


11.2 


646 





14 




954 





15 


10.9- 


698 


' 


16 




382 





17 


Not 


collected 




18 


11.1 


1849 





10 




988 


06 


20 


11.3 


995 





21 




966 


0.7 


22 


11.1 


781 


0.9 


23 


11.2 


609 


0.6 


24 




740 


0.9 


25 


10.9 


700 


Faint 


26 


11.1 


749 





27 


1! 


900 


V. Faint 


28 


11 3 


731 


1.5 


29 


11 5 


630 


1.0 


30 


11.5 


156 


2.0 


31 




S20 


1.1 


February 1 


11 3 


1036 


1.0 


2 


11.3 


1300 


0.8 


3 


11.0 


950 


2.0 


4 


11.1 


785 


1.8 


5 


11.4 


1157 


2.0 


6 


11.8 


605 


2.5 




Today moved into 


aniiDBl room 




7 




650 


1.0 


8 


11 5 


973 


0,9 


9 


11.5 


619 


0.4 


10 


11.7 


733 


0.7 


11 


11.5 


815 


Faint , 


12 




600 


Faint 
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Dog Bt~9B. This female moDgrel, weighing 13 kilos, underwent partial pan- 
createctomy on April 12, 1915, leaving a remnant of ^. Under regulated diets, 
the condition by the end of June was such that glycosuria was absent at a weight 
of 10.3 kilos on a diet of 1 kilo of lung, but substitution of 2fi0 grams lung by 50 
grams bread (making 760 grajns lung and 50 grams bread) caused glycosuria at 
0.75 per cent in 462 cc. urine on June 30 and 0.71 per cent in 542 cc. urine on 
July 1. On the latter date the diet of 1 kilo of lung without bread was resumed, 
and glycosuria immediately ceased (4). On July 2 the dog was transferred to 
the ice room, in order to test whether the influence of cold would amount to as 
much as the above difference between carbohydrate and protein. The dog was 
left in the ice room until July 26. Traces of glycosuria were present on most days 
during this time, but only twice reached titratable amoimta (0.33 per cent on 
July 14, 0.26 per cent on July 21). A single day of exercise on July 22 abolished 
the glycosuria, wbich returned on July 24. It was present also on July 25 and 26, 
and then was continuously absent during a control period up to August 5 at sum- 
mer temperature. As the weight fell to9.7 kilos during the period in the refrigera- 
tor, the experiment seems to indicate a slight increase of diabetic tendency due to 
eold. The difference due to temperature, however, was evidently less than the 
difference between the preformed carbohydrate of 60 grams of bread and its 
approximate equivalent of potential carbohydrate in protein. The tolerance had 
fallen somewhat, for the giving of 50 grams of bread on August 15 resulted in & 
glycosuria of 1.4 per cent. 

Glycosuria remained absent on the lung diet to September 17. On that day 
at 9:30 a.m. the plasms sugar was 0.143 per cent, the rectal temperature 101.4° F. 
The dog was then placed in the ice room fasting. At 4 p.m. the plasma sugar 
was 0.151 per cent, the rectal temperature 10D.7°F. The usual lung diet was then 
fed and the dog left in tbe ice room. The next morning there was a glycosuria 
of 0.42 per cent in 567 cc. urine, and the plasma sugar at 9:30 a.m. was 0.161 per 
cent. The urine of the next 24 hours was 492 cc, with 1.9 per cent sugar. At 
9:30 a.m. on September 19 the rectal temperature was ]01.5°F. Glycosuria then 
ceased abruptly, as though the reserve of extra carbohydrate had been exhausted. 
At 9:30 a.m. on September 20 the plasma sugar was 0.146 per cent. The dog was 
then transferred to the warm animal room, and at 9:30 a.m. on September 21 tbe 
plasma sugar was 0.133 per cent, the rectal temperature 101.7°F. 

During the following days the weather turned colder. The night of September 
23-24 was particularly sharp, and the door of the animal room blew open, so that 
the room was cold and the dogs all shivering. This dog was one of five potentially 
diabetic animals (out of abput twenty) which had been kept sugar-tree on regu- 
lated diets and wbich showed sudden glycosuria on this night. 

Subsequently, at a body weight of 16 kilos and correspondingly reduced tol- 
erance, a comparison was made in this dog of tbe feeding of 1 kilo of meat in a 
warm room and in the ice room. 



„Google 



EXPEBtMENTAL STUDIES IN DIABETES 





.« 


^u. 


.CO.. 




(w»rn.roon>) 


DMsemlwrS, 
(io»reom) 




0.200 
0.218 
0.208 


tw«nl 














GlycoBuria for the period 





4.08 ip-ams 



The later observatioDB showed a decided influence of cold for the production 
of hyperglycemia and gly cosuria. It is possible that this effect became greater 
aa the diabetee became more severe. 







Dog Bt-79 




muA 


.vo.« 


r»™ 


.roA. 




"■"^sr-- 


No^^raO. 


num 


Nov.^_b^». 


■ 


rerttnl 
0.133 

0.213 
O.lfiA 
0.180 


pereenl 

0.250 
0.416 
0.625 
0.435 


per ant 


Faint 
Faint 




Faint 
5.00 
5-90. 
3.53 


Blood before feeding 
1 hour after feeding 
4 hours after feeding 
6 hours after feeding 



Dog Bt-79 waa an animal which had long been kept in a stage of diabetes such 
that there waa marked hyperglycemia and occaBional glycosuria on a diet of I 
kilo of beef lung, the condition being held in check by fasting when necessary. 
The above record shows a stroag contrast in hyperglycemia and glycosuria on 
days spent in a warm room and in the ice room respectively. The rise of blood 
sugar after eating the usual kito of lung was samewhat similar on the two days, 
but the entire curve was on a much higher level in the cold environment. It was 
not established that this difference was due entirely to the temperature, because 
no comparison was made of the blood sugar before and after moving into the 
refrigerator on November 30, Therefore on December 2 the plasma sugar was 
determined fasting at 11:40 a.m. and found to be 0.164 per cent. The dog was 
then moved into the cold room, and at 5:40 p.m. the plasma sugar (still fasting) 
was found to be 0.185 per cent. 

Likewise dog C3-19, weighing 13.8 kilos, was partially depancreatized on June 
23, 1915, leaving a remnant of A to A- In August at a weight of 11 kilos, the 
degree of diabetes was such that a diet of 500 grams lung was slightly in excess of 
the tolerance. On August 7 the fasting plasma sugar at 10:30 a.m. was 0.156 
percent and at 4:30 p.m. 0.120 per cent. The dog, still fasting, was then moved 
to the ice room, where the plasma eugar was found to be 0.167 per cent at 7 p.m. 
and 0.133 per cent at 9:45 p.m. Here a falling blood sugar due to faatiag was 
evidently raised by cold, and then continued to fall slightly. 
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DISCUSSION 

The elevation of blood sugar by cold is so generally accepted as a 
truism that it was a surprise to encounter instances in which the sugar 
was little changed or actually lower in a cold environment. It was not 
feasible to extend the investigation further into the physioli^cal 
reaction to cold. Supposedly the blood sugar is governed by two 
factors, namely the mobilization and the disposal of carbohydrate. 
It is conceivable that in a perfectly smoothly working reaction the two 
may exactly balance. Under some conditions shivering may perhaps 
reduce the blood sugar like other forms of muscular activity. Under 
other conditions hyperglycemia may occur, particularly when the cold 
stimulus is sufficiently Violent, as for example in the case of plunging 
info ice water. Here the stimulation is so powerful, sometimes to a 
pathological degree, that a correspondingly excessive sugar discharge 
may be expected, and in the most extreme cases possibly the utilization 
of. sugar suffers somewhat. Hyperglycemia and glycosuria may be 
more readily produced when the utilization of sugar is specifically 
impaired^ as in the more severe grades of diabetes. In a similar way 
exercise sometimes raises the blood sugar instead of lowering it. 

Violent or pathologicaJ stimulation by cold was not applicable in 
experiments designed to produce diabetes, because the animals' health 
would suffer and ill health would be the surest way to spoil the result 
and prevent diabetes. A more powerful temporary dischai^e of sugar 
might occur, but it would cease as soon as the immediate store was 
exhausted. Such diechai^e and cessation was actually seen in certain 
of these experiments, without any lasting diabetogenic effect. As 
usual, clear thinking requires a distinction between diabetes, which is 
deficiency of the pancreatic function, and mere glycosuria. The mere 
excessive discharge of sugar from the glycogen depots is not diabetes, 
for the power of utilization may remain unimpaired. This has been 
abundantly proved, for example, in such a condition as epinephrin 
glycosuria (5). It is also not diabetes if the utilization of sugar ia 
depressed by any extraneous mechanism, such as the chilling of the 
muscles or their nervous supply, but only if the impairment of utili- 
zation is due to impairment of the pancreatic function. If the glyco- 
suria produced by cold is regarded as a diabetes, cold must be a very 
powerful diabetogenic agent to cause even a temporary diabetes in a. 
normal animal, for it must thus temporarily paralyze about nine-tenths 
of the function of the dc^'s pancreas. Trial of this agent in animals 
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depaacreatized almost to the point of diabetes proves that it possesses 
no such power; and as the effect in these animals is not greatly different 
from that in normal animals, cold evidently does not act by direct 
depression of the pancreatic function. Its indirect influence upon 
diabetes through increasing metabolism is a much more delicate point 
to demonstrate, and the question is answered only somewhat doubtfully 
in the affirmative by some of the above experiments. 

CONCLUSIONS 

1. Cold environment, such as did not lower the rectal temperature 
to any important extent, in some instances failed to affect the plasma 
sugar of dogs or slightly lowered it, but in the majority of experiments 
produced hyperglycemia and sometimes glycosuria. These were pro- 
duced more easily and in higher degree in proportion as the power of 
sugar utilization was impaired, i.e., as the diabetes was more severe. 

2. The power to produce glycosuria is to be distinguished from the 
power to produce diabetes. There is no demonstrable difference in 
the proportion of pancreatic tissue that must be removed to produce 
diabetes in dogs in warm or cold environment, and it was proved by 
successive operations upon the same animals that the influence of cold 
is not equivalent to the removal of the smallest fraction of a gram of 
pancreatic tissue. In animals already diabetic, the course of the 
diabetes in a few instances seemed to be influenced slightly for the worse, 
BO as perhaps to warrant the conclusion that cold imposes an increased 
burden upon the pancreatic function by increasing metabolism. But 
the slightness of this influence is emphasized by control experiments; 
for example, it amounts to less than the difference between the pre- 
formed carbohydrate of 60 grams of bread and the approximate equiva- 
lent of potential carbohydrate in protein. 

3. The impression that diabetic patients do worse in cold weather 
is probably explainable by the discomfort of chilliness when they are 
undernourished, the tendency to take more food, and sometimes by 
the limitation of exercise. These may be important sometimes from 
a practical standpoint, but any direct influence of climate upon diabetes 
must be very alight if it exists. 
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Ad influence upon the production of diabetes may conceivably be 
expected from the conditions of extreme age or youth. 

Senility. The relation of senility to experimental diabetes may have 
interest from at least three standpoints: a, The total metabolism is 
known to be slightly lowered in old age; b, diabetes in elderly patients 
is generally characterized by a mild and prolonged course; c, the increas- 
ing incidence of diabetes with the advance of age suggests the possi- 
lality of functional or organic impairment of the pancreas. 

Toothless decrepit senility is familiar in dogs, and there is reason 
to expect as great metabolic changes as in aged human beings. Obesity 
is also common in such animals, so that a number of them had to be 
included in a previous paper (1). A comparison of the relation of 
pancreas weight to body weight was made in fourteen dogs, which 
showed extreme senility t<^ether with an average nutritive state. 

From a comparison of table 1 with a similar study of normal adult 
dogs (2), it may be inferred that there is no gross change, in particular 
no atrophy of the pancreas accompanying senility. 

The susceptibility of obese senile dogs to diabetes could seldom be 
determined, owing to the sudden death to which they are subject 
following pancreas operations, as previously mentioned (3). Such 
operations were performed without accidents in senile dogs without 
obesity, and these were used for diabetic experiments in the same way 
as younger dogs. No experiments were performed to determine the 
precise proportion of pancreas that must be removed to produce diabetes, 
but the incidental observations were sutBcient to exclude any marked 
differences from average adult dogs. The senile animals were some- 
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vhat weaker and more subject to loss of appetite and cachexia. Other- 
wise their diabetes ran a course indistinguishable from that of younger 
animals. The experimental answers may therefore be stated in the 
fallowing form, corresponding to the questions raised above. 



Relalion of pancreas vmghl to body teeiyht in senile dog* 
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a. The lowered metabolism characteristic of senility does not render 
dc%8 less susceptible to diabetes from pancreatic resection. As the 
reduction of metabolism with age is slight, and the method of judging 
susceptibihty by the size of the pancreas remnant with which diabetes 
occurs is a crude one according to former observations, too much stress 
need not be laid upon these negative findings. 

h. A more decisive observation is that diabetes does not run any 
slower course in senile animals, but follows the same rapid progress 
which is generally characteristic of diabetes in dogs. 

c. If there were any anatomic or functional deterioration of the 
pancreas with age, a remnant of a given size might be expected to be 
less efficient in preventing diabetes than in younger animals. An 
increased susceptibility to diabetes in this sense is excluded by the 
observations. The microscopic study, as reported in subsequent papers, 
showed no visible abnormalities resulting from simple senility. Pan- 
creatitis is much rarer in dogs than in human beings, and is apparently 
due to causes independent of age. Also there is no such arteriosclerosis 
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in senile dogs as in man, and it c&n by no means be said that a d(^ 
"ia aa old as his arteries." Also, as previously mentioned (2), the 
pancreas remnant of a senile dog may possess as great power of hyper- 
trophy as that of any younger animal. 

Numerous glucose tolerance tests have been performed indiscrimi- 
nately upon old and young adult dogs, and no indications of alteration 
of assimilation with age have been found. 

In general these observations, made upon a species practically free 
from the pancreatic changes to which man is subject with advancing 
years, indicate that the rising incidence and special characteristics of 
diabetes in older persons are due to the changes in question and not 
to senility per se. 

Youth. The outstanding feature of experimental interest is the 
characteristically rapid and fatal course of diabetes in children. This 
has often been attributed hypothetically to their high metabolism, 
which imposes a heavier burden upon the pancreatic function. There 
is also good evidence that this rapid downward progress indicates a 
susceptibility of the islands of Langerhans to rapid destruction by 
hydropic degeneration. As there are occasional cases of acute and 
severe diabetes in the aged and of mild and prolonged diabetes in 
children, there is no absolute distinction on the basis of either the level 
of metabolism or the island changes. 

Diabetes is also less frequent in children thwi in older persons. In 
seeking possible reasons, it might be imagined that the youthful pan- 
creas is larger in proportion to the body, that it is anatomically richer 
in islands or that these have stronger functional power, or that the 
capacity for regeneration after injuries is greater. According to work 
previously reviewed (4), especially that of Bensley, the pancreas at 
birih probably contains as many islands as the adult organ, but during 
early life there is probably a loss followed by a gradual new formation 
of islands. Observations on the gross relations of the pancreas in 
puppies are contained in tables 2 to 6. They indicate, in comparison 
with those on adult dogs (2), that the ratio of pancreas weight to body 
weight in puppies is not large but rather small in proportion to what 
might be expected from the small size of the animals; that the tendency 
to regeneration is often marked but yet not in excess of that often 
found in adults; and that the tendency to diabetes is at least no greater 
and often is distinctly less than in adult dogs. 

In qualification of this statement, it should be noticed that the 
observations do not exclude possible alterations of the ratio of pancreas 
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Litter of spaniel mongrel pupt. Weight of Tttolher, 10 kiloe 
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weight to body weight with age. In other words, there ia no proof 
that s puppy having a certain ratio will maintain this same ratio up 
to adult age. In tables 4 and 5 no great change was noticed in the 

TABLE I 
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HCMBEB 


«> 


BOOT WEIOHT 


FAHCBBAS VBiaOT 


P*HCM*« WEIOBT 

nBilLOaBAM 






kgm. 


framt 


eroBU. 


1 


iweek 


0.3 


1.1 


3.67 ■ 


2 


iweek 


0.4 


1.7 


4.25 


3 


)week 


0.4 


1.3 


3.25 


4 


2 weeks 


0.6 


2.6 


4.33 


5 


2 weeks 


0.7 


2.8 


4 00 



TABLE S 

Relation of panereae weight to body weight ti 



--"" 


... 


BODT WEWBT 


PAKcaans 


-Vm^«'» 






ksm. 


«»<» 


fnna 


1 


1 week premature 


0.1 


0.2 


2,0 


2 


1 week premature 


O.I 


0.2 


2.0 


3 


1 month 


0.7 


2.2 


3.14 


4 


1 mODth 


1.5 


7.1 


4.74 


5 


1} months 


2.1 


4.1 


1.95 





li months 


1.3 


2.6 


2.00 


7 


2 months 


0.9 


3.5 


3,89 


8 


2 months 


2.3 


5.1 


2.22 


9 


2 months 


2.0 


5.9 


2.95 


10 


2 months 


1.8 


5.8 


3.22 


11 


2 months 


4.3 


8.4 


1.95 


12 


2 months 


2.3 


7.4 


3.21 


13 


2) months 


1.8 


7.4 


4.10 


14 


2) months 


2.5 


5.7 ■ 


2.28 


15 


3 months 


2.5 


12.2 


4.89 


16 


3 months 


2.3 


6.2 


2.28 


17 


6 months 


3.9 


13.8 


3.54 


18 


7 months 


2.5 


11.4 


4.55 



ratio up to 2 or 3 weeks of age, using other pups of the same litter as 
controls. The ratios varied widely among the different pups in table 
6. They were sometimes larger in the smaller breeds, as found for 
adult dogs (2), but the rule was not uniform. The state of nutrition 
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or rate of growth is probably an important factor. The differences 
found among animals of the aame litter at the same age in tables 2 
and 3 interfere seriously with studies based on any method of controls. 

Partially depancreatized puppies are especially liable to cachexia 
from respiratory infections or diarrhea, so that diabetes is often thus 
suppressed and the experiments spoiled. The above statement eon- 
cfeming the relatively slight disposition to diabetes is based on animals 
which remained vigorous and thriving after operation. It is the more 
striking in view of the fact that the sugar tolerance of the young is 
distinctly less than that of adult normal animals (5). A series of 
observations was made upon the question whether partial pancreatec- 
tomy short of diabetes interferes with the growth or health of puppies, 
with negative results except for the temporary backset due to the 
operation, and a possible specific inhibition of development of sexual 
and other adult characters. Anything in the nature of a masked dia- 
betes or other fatal metabolic deficiency seemed to be excluded. 

As explained in a subsequent publication on acidosis, the expectation 
that puppies might prove more susceptible than adult dogs to diabetic 
acidosis was entirely disappointed. Acidosis was absent throughout 
the reported experiments except where specially mentioned. 

As puppies approach adult age, they approach more closely to the 
adult behavior respecting diabetes. After about the ninth month they 
generally react like adults except for susceptibility to distemper. 
Nevertheless in pup 18 in table 7 it is noticeable that diabetes was 
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transitory with a pancreas remnant of only iV- Some typical records 
of younger puppies are the following.' 

No. G7~4S. Male; mongrel; black and white; age 1 month; well nourished; 
weight 3 kiloB. June 25, 1918, removal of pancreatic tisaue weighing 12.4 grams. 
Remnant about main duct estimated atO.8 gram (^ to iS). Following operation 
there was diarrhea and loss of weight but no glycosuria, though the pup lived on 
bread and milk. July 4, 0.32 gram additional pancreatic tiwue waa removed. 
The condition waa still cachexia without glycosuria, up, to death on July 11. 
The pancreaa remnant weighed 0.7 gram, and was too badly autolyied for micro- 
scopic study. In the tissue removed on July 4, the acini were normal and well 
filled ; islands were present in normal number and siie but showed slight distinct 
vscuolation. This hydropic change makes it probable that hyperglycemia was 
present, and possibly only the animal's weakness prevented a frank diabetes, 
Acidoaia was absent as usual. 

No. DiSB. Female; mongrel ; age 3 months; brown and white; well nourished; 
weight 2.6 kilos. November 9, 191S, removal of pancreatic tissue weighing 10.5 
grams. Remnant about main duct estimated at O.S gram (it). Glycosuria was 
brought on by the feeding of 20 grams meat and 20 co. milk, but oeaaed readily 
with fasting. Death occurred from weaknesa, notwithstanding a low meat diet, 
on November 20. The pancreaa remnant weighed 0.6 gram, and was not examined 
microscopically. The pup obviously had a potentially severe diabetes, but dif- 
fered from an adult dog in that glycosuria did not begin spontaneously and waa 
promptly checked by fasting and low diet, with such a very small pancreas 
remnant. 

No. Di-34 similarly underwent removal of S.2 grama pancreatic tissue, leaving 
a remnant estimated at 0.65 gran) (Vi to /t). Glycosuria could readily be checked 
by fasting, but on full meat diet was as high as 1.2 per cent. Notwithstanding 
the livelinesB followihg operation and the meat diet, the weight and strength 
failed rapidly. The animal was killed when moribund on the tenth day after 
operation, when the plasma sugar waa 0,05 per cent. The rapid cachexia was the 
chief point of difFerence from an adult dog. 

JVo, 07-tS. Female; Boston terrier; brindle; age 6 weeks; good nutrition; 
weight 3.8 kilos. June 17, 191S, removal of pancreatic tissue weighing 13.1 grams. 
Remnant about main duct estimated at 1.1 gram (A). Glycosuria remained 
absent, first on beef lung, then on bread and soup diet, then with addition of 50 
grama glucose. June 26, at a weight of 3.5 kilos, 1 gram additional pancreativ 
tissue was removed, the remnant having undergone marked hypertrophy. Gly- 
cosuria remained abaent on bread and milk diet, though weight waa lost, July 4, 
0.95 gram additional pancreatic tissue was removed. Theonimal was lively and 
ate considerable lung on July 5, then gradually lost appetite and weight while 
retaining spirits up to death on July 9. Glycosuria remained absent. The 
plasma sugar on June 17 was 0.143 per cent, ou July S, 0.162 per cent. The pan- 
creas remnant weighed 0.8 gram. In the various specimens of pancreas from 
June 17 and July 4 and 9, inflammation and fibrosis were limited to the peripheral 
areas. In the central portions the acini were well filled, sometimes large and 

' .All operations were performed under ether anesfheaia. 



,yGooglc 



EXPBRItfENTAL STUDIES IN DIABETES 447 

irresular. Ifll&nds were nonn«l in number and free from vacuolation. Here the 
penistent absence of diabetes is perhaps attributable to the hypertrophy of the 
pancreas remnant. 

No, E5-4O, Male; mongrel, part Newfoundland; age 3i months; good nutri- 
tion; weight S.4 kilos. May 14, 1917, removal of pancreatic tissue weighing 23 
grams. Remnant about main duct estimated at 4.6 grams (t). Glycosuria was 
absent on bread and soup diet, and only transitory with addition of 100 grams 
glucose. 

May 24, additional pancreatic tieaue weighing 0.9 gram was removed. There 
was obvious hypertrophy of the remnant in all three dimensions. Thereafter 
glyco'suria was absent on bread diet, and could be maintained only by increasing 
additions of glucose, first SO, then 100, then 300 grams daily. The dosage of 200 
grams was continued from June 6 to 27 with only traces of glyooauria and with a 
gain of weight to 9.3 kilos. 

June 27, O.fl gram additiraal tissue was removed from the pancreas remnant, 
which again was obviouriy hypertrophic. Thereafter heavy but transitory gly- 
cosuria resulted first from 100 and thenfrom200gramBglucoseadded to the bread 
diet. 

July 12, an additional 0.35 gram of pancreatic tissue was removed, the weight 
then being B.S kilos. Glycosuria was then heavy with addition of 200 grams glu- 
cose to the bread diet, but ceased July 19. 

July 20, an additional 0.4 gram of pancreatic tissue was removed. Glycosuria 
was then heavy on bread and soup diet, next with addition of glucoee up to 200 
grams, but was absent after July 29. 

August 31, at a weight of 10.6 kilos, glycosuria being still absent on the bread 
diet with 200 grams glucose, an additional O.j^ gram of pancreatic tissue was 
removed. Glycosuria was again transitory. 

September 7, an additional 0.3 gram of pancreatic tissue was removed with a 
similar result, glycosuria ceasing September 18. 

September 28, an additional D.&5 gram of pancreatic tissue was removed. 
Glycosuria was then continuous, first with glucose, then on plain bread and soup, 
till stopped by a change to meat diet on October 22. It may be noted that the 
downward progress was slow rather than rapid, for the glycosuria of many adult 
dogs after 3 weeks reaches a point where it caiuot be stopped by fasting. 

The pup did not thrive on carbohydrate-free diet, suffered from indigestion, 
diarrhea and loss of weight, and died in cachexia November 16 at a weight of 7 
kilos. The blood sugar was low during this period, and there was the usual 
absence of acidosis. 

The paucreas remnant weighed 1.1 gram. Nothing significant was found in 
the gross autopsy, or in the microscopic examination of the liver, kidneys, adre- 
nals, thyroid and parathyroids. Sections from the pancreas at all the opera- 
tions and at autopsy showed normal parenchyma and absence of hydropic 
degeneration. Though the hypertrophy may have gone far toward preventing 
diabetes, it ia evident from the repeated operations and the prolonged carbo- 
hydrate excess that this puppy was difficult rather than easy to make diabetic. 

No. Di-tl. Male; mongrel; age 7 months; good nutrition; weight 6.7 kilos. 
September 15, 1916, removal of pancreatic tissue weighing 24 grams. Remnant 
about main duct estimated at 2.9 grams (i). Glycosuria at first waa absent on 
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moderate quantitiea of milk, but waa heavy on bread feeding September 18. It 
was then checked by fasting, and kept absent on a diet of lung, suet and 100 grams 
bread. The animal thrived and maintained a weight of about 7 kilOB. 

December 5, a full bread diet was reeumed, and heavy glyoosuria returned 
promptly. After 4 days this was stopped as before. The animal grew to adult 
life on a diet of 400 grams lung, 100 grams suet, and part of the time 100 grams 
bread or 100 cc. milk. Yeast was added partof the time, with the idea that it and 
the milk might supply needed vitaminea; also an admixture of bonemeal assured 
adequate salts. The animal became plump and strong at a weight of 8.7 kilos, 
but remained always undeveloped in mentality, in the size of the sexual organs 
and the absence of any apparent sexual function ; urination was performed squat- 
ting, and the puppy contour of the body and puppy-like behavior toward other 
dogs were retained. Pratt (6) has made similar observations in young dogs with 
pancreatic atrophy. 

November 16, 1917, it was found that the addition of 100 grams bread to the 
diet produced a glycosuria of 1.3 per cent in 820 cc. of urine. The tolerance waa 
thus evidently lower than before, and thereafter the diet was kept carbohydrate- 
free (400 to 600 grams of lung and 100 grams of suet). April 6, 1918, the fasting 
plasma sugar was found to be 0.250 per cent, indicating that hyperglycemia was 
now continuous. The weight at this time was 9.15 kilos. Traces of glycosuria 
began in July, at first intermittently, but by July 30 they were continuous and 
increasing, so that fasting had to be used. The weight at this time had reached 
its maximum of 9.5 kilos. The animal appeared not obese but in excellent 
nutrition. 

The diet was then gradually built up to 200 grama lung and suet ad libitum, 
without glycosuria. This diet continued while the writer was in military service. 
At a visit on September 16, 1918, the animal was found in excellent Btrength and 
spirits, weighing 8.3 kilos, with intense glycosuria and hyperglycemia and heavy 
nitroprusside reactions in urine and plasma. Notwithstanding the fat-rich diet 
and acidosis, there was no visible lipemia. The condition was ideal for the 
development of coma, but under the circumstances there was nothing to do but 
to kill the animal for autopsy. 

The body appeared in excellent condition and retained much fat. Except for 
a very fatty liver and the puppy-like characters noted above, the gross autopsy 
was negative. The pancreas remnant weighed 3.1 grams. The practical absence 
of hypertrophy may be noticed. * 

Microscopically, the liver was crammed with fat even to the periphery of the 
lobules. Stains with Best's carmine showed absolutely no glycogen except in 
occasional leukocytes, which stood out prominently in the capillaries by reason 
of their stuffing of red granules. 

The kidneys were normal except for maximal Armamii vacuolation. as seen in 
routine Zenker specimens stained with methylene blue and eosin. Best's carmine 
applied to the alcohol fixed specimens showed only a spal^e sprinkling of glyco- 
gen, so that the vacuoles evidently represented chiefly fat deposit, as demon- 
strated by fat stains in aome other animals but not in this one. 

The adrenals showed no more than the average lipoid vacuolation in the cor- 
tex, and were normal in other respects. 

The thyroid and parathyroids were normal, with average JoUoid content Id 
the former. 
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The paooreas remnant was normal in structure a'nd fullness of acini and 
number and size of islands, but a minority of island cells were maximally 
swollen and vacuolated. 

This puppy, in respect to "apontaneous" downward progress and 
other features, behaved practically like an adult animal, and most 
of the history actually represented an adult period of life. Many 
long experiments of this character were begun for the purpose of testing 
whether a partial pancreatectomy which did not sufSce to produce 
immediate diabetes in a puppy might result in diabetes after a certain 
stage of growth had been reached. In other words, the problem was 
whether a damaged pancreas might lag behind in development so as 
finally to become inadequate for the demands of a growing body. The 
best observations would have been those upon much younger animals, 
but all these failed for one cause or another. It is evident that in many 
cases the hypertrophy of the pancreas remnant fully compensates for 
any bodily growth. It is also very doubtful whether an animal which 
is actually non-diabetic will become diabetic by simple growth. But 
when the injury results in such a mild diabetes that, there are no symp- 
toms on whatever dietary regime is followed, it is entirely possible 
that diabetes may develop openly at a much later period under the 
strain of growth and gain of weight. Such a result is exemplified in 
this experiment, which covers a rather long period in proportion to a 
dog's hfe. Such experimental evidence makes it easily comprehensible 
that diabetic symptoms may follow either soon or late after an injury 
of the human pancreas; in particular, that glycosuria may be present 
immediately after an infection, or may be delayed to a time when there 
is no plain clinical connection with a long antecedent infection which 
may have been the real cause. 

CONCLUSIONS 

1. An influence of senility upon carbohydrate assimilation or diabetes 
is conceivable from a quantitative reduction or other alterations of 
metabolism, or from functional or anatomic changes in the pancreas. 
The observations upon senile dogs failed to show any departures from 
the normal in the glucose tolerance, the ratio of pancreas weight to 
body weight, the microscopic structure of the pancreas, the size of the 
pancreatic remnant with which diabetes occurs, the capacity of such 
a remnant for hypertrophy, or the clinical course of the diabetes. 
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2. An investigation was aUo made of the possible influence of the 
elevated metabolism or the pancreatic peculiarities of youth. Previous 
work had indicated that the glucose tolerance of puppies is less than 
that of adult dogs. No exact studies were made of the most important 
point in the microscopic anatomy, namely the richness in islands, but 
no striking departure from the adult average wa^ noticeable in numerous 
routine observations. The ratio of pancreas weight to body weight 
was somewhat irregular, and the question of possible changes in an 
individual durii^ growth could not be accurately decided, but the 
general average in puppies did not differ appreciably from that in adults, 
particularly with consideration of the small body weight. The remnant 
left after partial pancreatectomy generally grows considerably in pup- 
pies; the hypertrophy on the whole is greater than in adult dogs, but 
does not surpass what is found in occasional mature or adult animals, 
and may be sU^t or absent especially in older puppies. The tendency 
to diabetes is distinctly less in puppies than in adult dogs, partly on 
account of weakness and cachexia, partly because of hypertrophy of 
the pancreas remnant, and perhaps sometimes because of a high func- 
tional efficiency of a small remnant. There is no specific tendency to 
rapidity of downward progress or to diabetic acidosis in puppies. 

3. An example is given of long delayed onset of diabetic symptoms 
on a fixed diet after gain of weight, this gain being largely growth instead 
of mere obesity. With a still milder diabetic tendency it is readily 
conceivable that the delay might be longer and might occur on an 
ordinary diet, also that the diet might in large measure determine the 
onset of symptoms. In this way it is possible that childhood infections 
injuring the pancreas may be responsible for some cases of diabetes 
which make their appearance at a much later period. 
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Diabetes may conceivably be a^ravated by the increased metabolism 
of pregnancy, which involves both additional food assimilstioD and the 
formation of considerable new tissue. Unknown tpxic or metabolic 
factors may possibly have an influence. An opposite possibility is 
suggested especially by the work of Carlson and collaborators (1), 
namely, that diabetes in the latter part of pregnancy may be prevented 
by the internal secretory activity of the fetal pancreas. The chief 
question here is whether internal secretions pass in appreciable quanti- 
ties through the placenta. In clinical practice pregnancy has loBg 
been regarded as decidedly injurious, to such an *rtent that therapeutic 
abortion waa commonly recommended in women suffering from any 
serious grade of diabetes. The most comprehensive and recent survey 
of clinical experience is by Joslin (2), who considers that the supposed 
injurious effects are largely explained by the higher diet taken. One 
case of apparent gain of tolerance during pregnancy (3) is inconclusive, 
partly because the blood sugar rose during gestation and partly because 
it is uncertain whether the changes observed were due strictly to the 
pregnancy. 

Partially depancreatized animals offer the most accurate obt^nable 
conditions for studying the effect of pregnancy upon the internal 
pancreatic function. Before proceeding to the principal experiments, 
it is desirable to mention briefly some controls and unsuccessful attempts 
relating to this problem. 

One control to be thought of is the possible effect of changes in the 
sexual organs themselves upon the pancreas or it^ function. This w 
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part of the larger question of the interrelation of the sex glands with 
the pancreas and diabetes. A few extirpatioQ experiments were per- 
formed as follows.' 

Dog Bt-89, a female moDgrel aged 4 years, had be«D clone to the verge of dia- 
betes since the 6ret operation on April 12, 1015, so that the removal of 0.25 gram 
additional pancreatic tissue on March 16, 1916 brought on mild diabetes. By 
repeated tests up to May 18 it was proved that glycosuria was regularly absent 
on a measured bread and soup diet, and was present to the amount of about 5 
grams daily with the addition of 75 grams glucose. May 18, both ovaries were 
removed, together with the tubes and part of the uterine horns. A trace of gly- 
cosuria followed the operation, and another trace when the regular bread diet 
was fed. The addition of 75 grams glucose resulted in glycosuria of 12.5 grams 
one day and 13 grams another day. By May 27 glycosuria was again absent on 
the plain bread and soup diet and the glycosuria from glucose was no higher than 
before operation. The absence of any perceptible influence upon the diabetes, 
other than the transient effects of the trauma, was also confirmed by the animal's 
later history. 

Dog D4-0I. Female; mongrel; long haired; age 6 to 8 years; well nourished; 
weight 19.2 kilos. December 16, 1916, removal of pancreatic tissue weighing 
27.5grams. Remnant about main duct estimated at 3.2 grams (iV)- After faist- 
i^%} glycosuria was found consistently absent on a diet of 1 kilo of beef lung, and 
moderate (0.5 to 1 per cent) with addition of 50 grams bread. January 17, 1917, 
both ovaries were removed. A trace of glycosuria followed the operation, but 
ceased on the lung diet. With addition of 50 grams bread it was distinctly greater 
than before (2.8 to 4.8 per cent, in larger urine volumes), but ceased when the 
bread was omitted on January 26. Thereafter the diabetic tendency was no 
greater than before the o6phorectomy. 

Dog CS-67. Male; Di^atian; age IJ years; in excellent nutrition; weight 
17.6 kilos. March 14, 1916, castration, and removal of pancreatic tissue weighing 
28.5 grams. Remnant about main duct estimated at 2,6 grams (V:!; to -j^). The 
dog was used for a few tests {especially feeding of pure fat or taloum powder, aa 
described elsewhere) which had no influence upon the glycosuria. Otherwise no 
food was given, but heavy glycosuria continued until death occurred from weak- 
ness on April 1, at a weight of 11 kilos. The pancreas remnant, weighing 3.1 
grams, was normal except for the usual vacuolation of island cells. The bladder 
urine contained 0.61 per cent of sugar, and the autopsy otherwise was negative. 
Such irrepressible glycosuria with a pancreas remnant of this siie is so unusual 
that the possibility of an aggravating influence of the castration was suggested. 

Dog Di-6S. Male; mongrel; long haired; age 3 years ; medium nutrition ; weight 
15.26 kilos. After removal of pancreatic tissue on February' 14 and March 7, 
1917, glycosuria was maintained almost continuously on bread and soup diet with 
addition of 200 grams glucose to March 23, after which it was absent. Such a 
duration of glycosuria is evidence that an animal is very close to diabetes, which 
will be produced by the removal of a trifle more pancreatic tissue. The actual 
absence of diabetes was confirmed by blood sugar tests, the plasma sugar being 

> All operations were performed under ether anesthesia. 
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0.087 per cent before feediag aadO.145 per cent at the highest point afterward, and 
down to 0.122 per cent by evening even on the bread and glucoae diet. March 28, 
castration was performed. Glycosuria remained absent on bread diet to April 2, 
and therafter also with addition of 200 grama glucose. The attempts to induce 
diabetes by diet were continued through May, with merely the usual slight gain 
in tolerance. The removal of 0.5 gram pancreatic tissue on May 8 proved inade- 
quate, but mild diabetes followed the removal of 0.05 gram additional on June 1. 

This siDgle experiment with dt^ D4-63 probably suffices to prove 
that removal of the testes has no influence for or against the production 
of diabetes. A^ravation of an existing diabetes, which is a separate 
question, was not produced by removal of the ovaries in dogs B2-89 
and D4-62. The apparent a(^avation after removal of the testes in 
dog C3-67 may have been purely accidental, and any specific influence 
remains improbable. Circumstances prevented further experiments 
of this sort. 

Xumerous attempts were made to determine the size of pancreas 
remnant with which diabetes occurs in pregnant animals, with uniform 
failure on account of abortion or death. Efforts to immimize by one 
or several preliminary subcutaneous or intraperitoneal injections of 
aqueous extract of fresh sterile dog pancreas gave no protection. Trials 
were made with removal of five-sixths to nine-tenths of the pancreas 
in single operations, performed as quickly and easily as possible so as 
to be over in haJf an hour or less, but the animals always became unwell 
and aborted within a few days or at most a week. Such an interval, 
especially when glycosuria is prevented by malaise and* refusal of food, 
can decide nothing with the pancreas remnants mentioned, though 
permitting some observations after total pancreatectomy as in Carlson's 
experiments. Other attempts were made with successive operations, 
in the hope that each might be so easy as to avoid abortion, also by 
leaving a duodenal remnant and a subcutaneous graft early in preg- 
nancy, with the idea that diabetes might be brought on later in preg- 
nancy by simple removal of the graft. All such attempts failed for 
one cause or another. It is sometimes possible to remove considerable 
portions of pancreas, even in the later stages of pregnancy, without 
accident, just as other abdominal operations are often feasible; but 
any pancreatic resection to the point of diabetes seems absolutely 
incompatible with continuance of gestation. The possibility that 
this disturbance may be due to the sudden deficit of the internal pan- 
creatic fimction was excluded by two sets of controls; first, the results 
are just as bad when the entire uncinate process is left as a subcutaneous 
graft in addition to the usual pancreatic remnant; second, pregnant 
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dogs ordinarily survive a week of fasting and phlorizination without 
abortion, though the glycosuria and acidosis apparently represent a 
greater disturbance of carbohydrate metabolism than that following 
the pancreatic operations mentioned. 

An attempt to test the influence of the increased food requirement 
and lactose formation of the lactation period was made as follows. 

Dog CS-90, mongrel, in excellent condition, weigtiing 20^ kilos, was found preg- 
nant in an operation on May 26, 1916, when the splenic process and body of the 
pancreas down to the main duct were removed, with the idea that diabetes might 
later be produced by a very easy operation for removal of the uncinate process. 
The pregnancy continued uneventfully, but by mistake too long an interval was 
allowed, and on June 22 the dog gave birth to eight healthy puppies. She was ao 
excellent mother and the puppies all thrived until, on June 29, the uncinate proc- 
ess was removed in an operation requiring only a fen minutes. There was quick 
recovery from the brief etheriiation, and the dog showed tlie usual devotion and 
nursed the puppies immediately on being returned to the cage. She acted well 
and lively but ate very little on the following days, during which time the pups 
continued to nurse though the mother paid less attention to them. By July 4 
her appetite was fully restored, but she refused to have anything further to do 
with the pups, and even injured them if they approached to nurse. Part of the 
trouble may have been due to tendemess about the abdominal wound, but there 
seemed also to be a genuine breaking up of the physiology and psychology of 
lactation by the operation. Milk rapidly disappeared from the breasts. Diabe- 
tes remained absent notwithstanding glucose feeding. Whether the disturbances 
observed were peculiar to the pancreatic operation or might follow any other 
abdominal interference, the experience showed that this method was not applica- 
ble for studying the influence of lactation upon diabetes. 

Numerous microscopic examinations have been made of the pancreas 
of d(^ in various stages of pregnancy and of a few during lactation, 
without the finding of any departure from the normal in any respect. 

It was evident that a satisfactory study was possible only through, 
the occurrence of pregnancy in animals already diabetic, so as to repro- 
duce exactly the conditions encountered in diabetic women. Properly 
prepared animals with potenlual diabetes are normal in their entire 
beha\'ior, and only the unfavorable laboratory conditions made the 
experiment difficult. It was hoped that cats might be particularly 
suitable for the purpose, but in the only instance in which a partially 
depancreatized cat became pregnant the experiment ended in failure, 
as follows. 

Cat Al-84. Female; strong adult; weight 3.5 kiloa. December 20, 1913, pan- 
creatic tissue was removed, not quit.e to the point of producing diabetes. The 
cat remained continuously free from glycosuria on meat, bread and milk diets 
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thereafter, but hod a pennaneatly lowered tolerance, as shown by the production 
of glycosuria in subcutaneaUB glucose tests by doaes between 1 and 1.5 grains per 
kilo. Impregnation occurred February 18, 1914. Thereafter the diet waa meat 
and milk, mixed with as much lactose as the animal could be induced to take. 
Considerable carbohydrate could thus be given, though cata usually object 
strongly to the sweetness of glucose or saccharose. About the middle of March 
the animal was noticed to be weak and unwell. Abortion occurred March 16 
and death March IS. There waa no diabetes aad the pancreas remnant was nor- 
mal. The fatal outcome was almost certainly a sugar intoxication (4), with no 
specific relation to the partial pancreatectomy or to diabetes. Cats may possibly 
prove to be well suited to pregnancy experiments in diabetes, but they are as a 
rule an unfavorable species for carbohydrate over-feeding. 

Far more numerous attempts were made with partially depaocreat- 
ized d(^ during three years, but all failed owing t-o the unfavorable 
environment. Finally a successful experiment became possible in dog 
B2-00, which was particularly valuable for the purpose because of the 
long previous records which had established the tolerance accurately. 
These observations have been reported in previous papers, especially 
no. 3 of series I (5) and no. 1 of series II (6). 

A series of operations beginning in 1913 bad made the dog nearly diabetic, but* 
after the removal of an additional J gram of pancreatic tissue on September 0, 
1916, it waa still impossible to maintain glycosuria with the heaviest bread and 
glucose feeding. Pregnancy then became evident, though the e:tact time of ita 
beginning was unknown. Testa of the tolerance were performed by feeding, aa 
described below. As diabetes remained absent with advancing pregnancy, there 
was danger that the entire result would be negative. 

Accordingly, on December 16, 1916, 0.1 gram pancreatic tissue waa removed, 
in an operation ao short and easy that the dog did not even lose appetite for the 
day. Diabetes resulted, as proved by the fact that plain bread and soup feeding 
now maintained slight glycosuria (0,4 to 0.8 per cent, in 400 to 680 cc. urine). 
December 26 on this diet the plasma sugar was 0.091 per cent before feeding, 0.182 
per cent four hours after. The special feeding test was repeated in late pregnancy 
on December 30, 

As an additional experiment, it was attempted to learn whether the pregnant 
dog with latent diabetes had any special tendency to acidosia. Therefore nothing 
was fed on December 31, andoniySOOgramssuet daily on January 1,2 and 3 (1917). 
Abortion then occurred, though the dog appeared only slightly unwell and re- 
mained free from acetone bodies in urine and blood, both before and afterward. 
The plasma sugar was constantly normal (0.089 to 0.105 per cent] after omjaaion 
of carbohydrate, both before and after abortion. The carbohydrate tests had 
seemed harmless, and it may be possible that the fat feeding was responsible for 
the abortion even without acidosis. 

January 27, the special feeding test waa repeated as a control in the non-preg- 
nant condition. Theexistenceof diabetes waa unmistakable. The diet was then 
changed to meat to prevent downward progress, and the dog was left most of the 
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Dog B$-00. TmU tciiA feeding 100 grams bee} lung, SOO grama bread and ISO 
grams glucose 
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time with a male in the bope of a second pregnancy. The plasma sugar meanvbile 
remained normal {0.087 to 0.113 per cent) on tbe carbohydrate-free diet. The 
special feeding test was repeated on February 23 and May 17. 

Pregnancy then became manifest, and the feeding test was repeated in this 
condition on July 11. June 28 and July 2, the plasma sugar on themeat diet was 
normal (between 0.075 per rant before feeding and 0.105 per cent after feeding). 

July 12, less than 0.1 gram of pancreatic tissue was removed without appreci- 
able disturbance. 

Three pups were bom on July 16. They were probably 2 or 3 days premature, 
and were all dead by July 19 owing to failure to nurse properly. This result 
may have been independent of the experimental conditions, for tbe dog was of a 
type which often has troubles with puppies. 

The special feeding test was repeated on August 9, October S and November 22. 

Owing to the perfect manner Id which the dog bore the ex[>eriment8 
throiigh two pregnancies, the questions at issue received very satis- 
factory answers as follows: 

a. In the first instance, pregnancy failed to produce diabetes in an 
animal which was so close to the vet^ that diabetes resulted from the 
removal of 0.1 gram additional pancreatic tissue. Agunst an assump- 
tion that the diabetes here was due largely to the pregnancy and only 
partially to the pancreas operation lb the fact that diabetes persisted 
after termination of the pregnancy. Also in the second instance, when 
the dog was known to have mild diabetes but was free from symptoms 
on meat diet, pregnancy failed to produce either (^ycosuria or hyper- 
glycemia on this diet. 
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b. The removal of a bit of pancreatic tissue in the latter part of 
each pregnancy supplemented the observations of the negative effects 
of gestation and especially demonstrated the absence of vacuolation 
of the islands first when the animal was not quite diabetic and second 
when she was mildly diabetic. The absence of such hydropic changes 
with latent diabetes corresponds fully to the experience in non-pregnant 
animals. 

c. The passage of any appreciable quantity of pancreatic internal 
secretion from the fetuses to the mother is disproved by two facts. 
First, the occurrence of diabetes following the operation of December 
16, 1916, was not prevented; in other words, there was no transfer of 
pancreatic hormone sufficient to compensate for the loss of 0.1 gram of 
maternal pancreatic tissue. Second, the feeding tests demonstrated 
an actual aggravation of the diabetes during pn^nancy. Test meals 
were used instead of intravenous glucose injections because according 
to previous experience (7) they afford a more accurate index of the 
diabetic condition and also because they seemed to promise less danger 
of abortion or other accidents. Attention may be called to the results 
of these tests as shown in the table. 

The test meal consisted of 100 grams beef lung, 200 grams bread 
and 150 grams glucose. Only slight bypei^lycemia and faint glycosuria 
resulted from this diet on November 21 and 23,' when the d(% was non- 
diabetic. The removal of 0.1 gram pancreatic tissue on December 16 
produced a radical change, so that the hyperglycemia and glycosuria 
in the test of December 30 were of plainly diabetic character. The 
toleninee was fully as low on January 7, after termination of pregnancy, 
but the dog was still unwell from the recent abortion. The test of 
February 23 showed a considerably better tolerance as judged by both 
blood and urine. 

May 17, early in the second pr^^ancy, the test showed a well- 
marked fall in the assimilation, and the result was not greatly different 
in the late stage of pregnancy on July 11. The bit of pancreas removed 
on July 12 was so tiny that it apparently had little effect upon the 
tolerance. At any rate, in spite of this operation, the assimilation on 
July 19, three days after normal dehvery, showed a decided improve- 
ment. This improvement was still greater on August 9, after all 
puerperal disturbance had subsided. It was also maintained up to 
October 5, the length of the experiment and the uniformity of results 
being thus sufficient to exclude accidental fluctuations of tolerance. 
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CONCLDSIONS 

1. N"o positive influence of the sex glands upon diabetes was demon- 
strable by eictirpation experiments. Also no anatomic changes in the 
pancreas were perceptible with pregnancy or lactation. 

2. Observations upon a partially depancreatized dog during preg- 
nancy are opposed to the view that any appreciable quantity of internal 
pancreatic secretion passes from the fetus to the mother. 

3. A distinct lowering of carbohydrate assimilation was shown during 
pregnancy. This was not clearly a^ociated with the increase of 
metabolism, in the sense either of increased food requirement or new 
tissue formation, for it seemed approximately the same in early and 
late pregnancy and was also evident during the illness following abortion. 
It may therefore be r^arded chiefly as a toxic manifestation and thus 
classifiable with the influence of infection. The effect is relatively 
sUght, because pregnancy failed to produce diabetes in a dog where the 
removal of 0.1 gram pancreatic tissue sufliced for the purpose, and also 
after the d<^ was demonstrably diabetic on carbohydrate diet pregnancy 
gave rise to neither glycosuria nor hyperglycemia on carbohydrate-free 
diet. 

The tests with partial pancreatectomy, which affords the most exact 
method of study, suggest that Carlson's results in totally depancreatized 
dogs are to be interpreted aa cachexia. Clearer information of the 
influence of pregnancy upon the internal pancreatic function is also 
horded by the freedom from the variables which enter into clinical 
cases. The shght tendency to aggravation of the diabetes and the 
ready control by diet support Joelin's experience of the feasibility of 
completion of pregnancy by diabetic women under suitable conditions 
of treatment. If the toxic factor is the principal one, as suggested, the 
possibihty remains that the injurious action in some women may be 
considerably greater than in dogs and accordingly may require more 
radical measures. 
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The functions of the pyloric sphincter are usually considered depend- 
ent upon the physical condition and relative degree of acidity of the 
gastric content. Such an explanation fails in great part to account for 
certain phenomena associated with the processes of gastric evacuation 
both in health and disease. It also fails to consider the piupose of 
gastric motility save for mixing the gastric contents and dischar^ng 
them into the duodenum at irregular periods of opening of the sphincter. 
However, recent work tends to show that the opening and closing of 
the sphincter is related, not only to the degree of fluidity and acidity 
of the gastric content, but also to peristalsis and the degree of tonicity 
demonstrated in the stomach. 

Our present interest in the physiolc^y of the sphincter was stimulated 
by our inability to explain, upon accepted theories, radiographic obser- 
vations made upon the human stomach. We therefore undertook to 
study, upon laboratory animals under easily controllable conditions, 
the motility of the pyloric sphincter. In this study the term pyloric 
sphincter means that narrow band of muscle constituting the last 
portion of the stomach. 



Forty-four experiments were performed upon dogs in this series. 
All operative procedures were carried out under ether anesthesia. 
Unanesthetized dogs were studied radic^raphically. In 14 experiments 
records were obtained immediately following operation and while the 
animal was under the influence of a light aneatheua. Six dogs were 
studied from 5 to 18 hours after operation, no anesthesia being used 
during the taking of records. One animal was studied 3 days after 
operation, another after an interval of 2 weeks. Four animals were 
4«0 
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Operated under ether and morphine (10 mgm. per kilo) tmd studied at 
once, ether being discontinued during the obeervations. This pro- 
cedure gave a quiet animal with a very active stomach. Although the 
type of sphincter action under this anesthesia was similar to that 
obtained under other anesthesas, it was discontinued because of the 
known action of morphine upon the gastro-intestinal tract. The meet 
constant graphic results were obtained with only sufficient ether to 
abolish voluntary movements. Under such an anesthesia the behavior 
of the si^iincter is more constant and uniform than in the unanesthetized 
animal under experimental conditions. 

The operations in most cases consisted in opening the abdomen 
by a midline incision, entering the fundlc portion of the stomach and 
sewing the recording apparatus in place. The gastric incision was then 
closed with a pursestring suture about the rubber tube leading from 
the anchored balloon. The openii^ in the abdomen was closed with 
a running suture. Aseptic precautions were observed in all cases in 
which the animal was permitted to survive 12 hours or longer. In 
3 animals the muscle on either side of the pyloric sphincter was cut, 
thus confining action upon the apparatus to the sfJiincter proper. 

All apparatus except the recording instruments was designed and 
constructed especially for this work. The apparatus is the equivalent 
of a balloon and is so constructed that it can be placed and muntained 
within the lumen of the pyloric sphincfter. These balloons, or as we 
have termed them, pylorographs, are of three types: a, flexible, closed 
pylon^aph; b, rigid, closed pylorograph, and c, open, flexible pyloro- 
graph. 

The closed flexible pylorograph (fig. 1, a) conusts of a abort section 
of finger cot stretched over two cones of hard rubber the apices of which 
face each other. One cone ia perforated by a small hole which leads 
out through a nipple on its base for the attachment of a rubber tube. 
When in position the rubber is pressed down upon the slopii^ surfaces 
of the cones by the tonus of the sphincter to such an extent that the 
recording apparatus is affected by the contraction of a width of muscle 
not exceeding 5 mm. This device when placed in position tends to 
remain there because of the V-ehaped surfaces offered to the pyloric 
ring. Complete flxation of the pylon^rapb was obtained by pasmng 
a ligature around the base of each cone and securing it in the muscle. 

The rigid pylorc^raph is similar to the one described above save that 
the two cones remain connected (fig. 1, b). 
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The open, flexible pylorc^raph {fig. 1, e) is constructed on the same 
principle as the flexible, closed pylorograph except that an open tunnel 
4 mm. in diameter runs throughout its entire length. The apice:3 of 
the two cones are connected by means of a piece of rubberdam tubing. 




Fig. 1. Illustrations of the various types oF pylorographs. A, Closed flexible 
pylorograph. B, Closed rigid pylorograph. C, Open flexible pylorograph. V, 
Air tranamiBBioD vent for tube connection with water manometer. F.C., Flexible 
wall of pylorograph made of finger cot. T., Opening connecting stomach with 
duodenum. R.D., Tube of rubber dam composing inner wall of air chamber. 
Dotted lines indicate positions of the rubber surfaces during contraction of the 
sphincter. 

The bases are connected by a section of finger cot. This device, _the 
equivalent of a tunnelled cyUndrical balloon, pennits the sphincter to 
demonstrate its motiUty and at the same time permits material to 
leave the stomach. 
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Graphic records were obtained with tambours, and piston and bellows 
recorders. The pylorograph was connected with the recording appa- 
ratus through a water manometer. The manometer was adjusted to 
a pressure (3 to 30 cm.) which gave best results in any giVen case. 
Air transmission was used throughout. 



The pyloric sphincter demonstrates two types of motility; a, active 
rhythmic contractions (figs. 2 and 3), and h, tone waves (figs. 5 and 6). 
The characteristics of these two types of action are as follows. 

a. Rhythmic txyrUraetions. The rhythmic movements of the sphincter 
are characterized by contractions and relaxations each followed by a 

. quiescent period or pause (fig. 3). These contractions occur at the 
rate of from 3 to 5 per minute; that is, each cycle is completed in an 
interval of from 12 to 20 seconds. The phase of contraction is 4 to 5 
seconds, the phase of relaxation 3 to 7 seconds; the quiescent phase 
plus the period of inhibition prior to contraction occupy the remainder 
of the cycle. These figures are necessarily only relative because of the 
different rates of contraction shown by various animals, the depth of 
the anesthesia, and also because of the general motility of the stomach 
and small intestines. During periods of rhythmic action of the sphinc- 
ter the contractions and relaxations are uniform in d^p'ee; that is, the 
movements are initiated and consummated from a constant level (iigs. 
2 and 3). There is usually a definite degree of relaxation (inhibition) 
of tone immediately preceding a contraction. At times relaxation 
continues from the completion of contraction until the beginning of 
a second contraction, no definite phase of quiesence or inhibition being 
shown. Similar results were obtained both from the filled and recently 
emptied stomach. 

The cycles of the sphincter are definitely altered under various con- 
ditions; also, periods of increased activity may occur; however, as will 
be shown in a later communication, such alterations bear a definite 
relation to anesthetics, trauma and the activities of the gastro-intestinal 
can^. 

Rhythmicity of the sphincter is not lost following denervation of the 
stomach (fig 4). 

b. Tonicity of the sphincter. The tonicity of the pyloric sphincter 
is gained or lost during a series of rhythmic contractions of which the 
heights of the individual contractions vary in proportion to the degree 
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Fig. 2. Fylorograms obtaiaed from four differeot experimentB; A, experimetit 
4; B, experiment 19; C, experiment VZ; D, experiment 26. Anim&la under ether 
anesthesia. Graph .4 obtained with t&mbour, B and C with piston recorder, D 
with bellows recorder. Time, 2} seconds in trace A, 1 second in fi, C And D. 

Trace A shows periods of inactivity followed by rhythmic contractions and 
alterations in tonicity. Traces B, C and D demonstrate periods of constant 
rhythmic activity.' Note the variation in the height of contractions in traces A 
and D._ The four graphs are typical of the entire series of experiments. 
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